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ABSTRACT

An interactive computer code for the preliminary desian
of solid propellant rocket motors ("SPRMD") was successfully

developed and 1its use was demonstrated through a design

L YA
.

example. "SPRMD" was written in FORTRAN for use on an IBM

¥

PC/AT. It combined several existing codes ("MICROPEP",

3

inaiite T W 2 ¥

"GRAINS", "ROCKET", etc.) and used the performance 1loss
estimation methods suggested by the AGARD Propulsion and

Energetics Panel for aluminized propellants.
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I. INTRODUCTION

:

A. BACKGROUND v
Solid propellant rocket motor design is a very complex :?
process which often requires many iterations 1in order to 3
accomplish a successful design. Usually, the first step in E
the design process it to obtiin accurate input data on mis- ;ﬁ
sile system restraints. Examples of these restraints are ;j
ballistic requirements (which can include thrust, burning 5%
time, total impulse) and mission/vehicle requirements (which S:
can include mctor length, diameter, allowed hazard and plume %
properties, altitude, etc.). These parameters are often re- i:
N

ferred to as independent parameters. Through the wuse of F’
these independent parameters, the required propellant burn :?
time and properties can be roughly estimated. Then, theo- .;t
retical motcr performance and losses can be estimated. The i

thrust-time requirements together with the expected struc-

s

~

tural loads permit initial selection of a grain design.

At b

The next step of solid propellant rocket motor design is

RN

to use the propellant properties and qgrain design tou predict

the pressure- and thrust-time profiles and the total impulse

Py '1‘ Py ,n' CFOR)

W,

o2f the motor. Propellant properties and grain design are
then iterated until these independent variable requirements 'ﬁ?
are met, together with acceptable propellant stress levels. i?
A final step in the missile design process is to use the >
'|
N‘
2
10 -
A
I‘.\‘
. :
o
S VIS LTy LA - - “u " Ve AN, BRI I S T I IPL INL L  Vl a St ap N S . A
SN N e SR . OIS S, Y S AN iy




LE Wl G Y

thrust—-time orofile in an external aerodynamics code t9
ensure that range and terminal velocity requirements are
met.

During the past decade, there has been significant pro-
gress in the automation of solid rocket motor design. It is
mainly because of the extensive use of digital computers,
which greatly facilitate the iterative type computations
mentioned' above (Ref. 1). In recent vyears, many of the
design processes have been accomplished using separate com-
puter codes, 1i.e., adiabatic equilibrium combustion codes,
codes which estimate performance losses, grain geometry
optimization codes, etc. These codes have, in some cases,
been combined into much larger design codes, and they are
often difficult and exnensive to run. Recently, PC versions
of some rocket motor design codes have become available.
However, they must still be used individually, and were not
all available for wuse on the same computer. The use of
these codes was also very inconvenient in that the same
parameters often had different variable names in the various
codes. The user had to transfer or convert the data from
one code to the next.

In addition, a recent AGARD publication has provided
recommended emirical equations which can be used for rapid
and accurate estimation of nerformance losses for aluminized

propellants.
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B. OBJECTIVES

The first objective was to outline a suitable "Solid
Propellant Rocket Motor Preliminary Design Procedure" which,
of course, 1s not a unique procedure. The second objective
was to create, modify, and/or combine the PC versions of the
necessary design codes into one interactive code which could
he conveniently used for preliminary uesign on an IBM PC/AT
microcomputer, The final objective was to demonstrate the
program by designing a tactical solid propellant rocket

motor combustor.

C. APPROACH

The approach to achieve the objectives was first to
detail an acceptable preliminary design process. The algo-
rithm of the design process was then followed, utilizing
several existing codes and loss estimation methods as
appropriate; to obtain an integrated design code for use on
the IBM PC/AT. The programs to be used were (1) "MICROPEP"
(a microcomputer version of a pronellant evaluation program
from China Lake, Naval Weavons Center), which calculates the
adiabatic, equilibrium combustion process, and theoretical
motor performance; (2) "GRAINS" {(a radial spoked star qrain
design program from CSD); (3) "ROCKET (a Lockheed internal
hallistics nrogram), which 1is a one-dimensional £flow code
which predicts pressure and thrust versus time; and (4)

"FLYIT" (a flight simulation program from China Lake, Naval

12
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Weapons Center), which performs simplified trajectorv calcu-

lations. In addition, a code based upon AGARD-AR-230 was
written for estimation of performance losses for aluminized
propellants. Capabilities of the final program were then to
; be demonstrated by considering the design of a tactical

motor.
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II. SOLID PROPELLANT ROCKET MOTOR DESIGN PROCESS ::
»
R
A. GENERAL N
(S
The method of solid rocket motor design adopted 1in this o
work 1is shown in Figure 1. It was assumed that the required 33
information on fundamental propellant properties (burning ;ﬁi
rates, temperature sensitivity, etc.) was known. In :;
addition, the design process discussed herein did not t;
gy
B
include any stress analysis for the propellant grain or ﬁﬁ
Fdy
case., o
®
,':.::
B, INPUTS N
~
A
The inputs that are required to satisfy mission objec- -
tives (the independent parameters) were as follows: g;‘
1. Ballistics Performance Requirements f:
-
— N
a. Average thrust (F) or thrust-time profiles, N
b. Burn time (tp), or 53
IN'
. b
c. Total impulse (I¢). &;:

2z

%5

These parameters are interrelated as shown in

~

t.t) .:'},

Figure 2. Thus I = [ “Fdt (2.1) A
(o] .::
l--’

F = I/t (2.2) R

2. Mission/Vehicle Constraints i&

e

These requirements are directly related to the motor &P’

.’:
design and include: :~
Sy
N
14 N
Sy
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a. Envelope
The allowable envelope (motor 1length L, motor
inside diameter D) is the fundamental constraint on the
motor geometry, which can be |, used to estimate the required
burning rate (r) and total volume available (Vg4) for the

propellant by following relations:

r = (D/4)/ty (2.3)
(i.e., a web fraction of approximately .5)

Va = (wD2/4) L (2.4)

b. Maximum Expected Operating Pressure (MEOP)

The MEOP is set by the structural limit of the
motor case. The maximum operating pressure at maximum pro-
pellant temperature (Pmaxtp) is less than the MEOP by the
factor of reproducibility tolerance (see Figure 2). Pmaxtp

can be initially estimated from the following equation
Pmaxtp=MEOP (l-reproducibility tolerance) (2.5)

c. Temperature Range and Altitude
The operating propellant temperature range
effects the selection of the propellant through the required
burning rate temperature sensitivity. The design altitude,
together with the nominal chamber pressure determine the

exhaust nozzle area ratio.
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d. Allowed Hazard Rating and Allowed Exhaust f}:
Signature )
l‘ {
u‘ Al
The hazard rating requirements have to do with Y
whether the propellant 1is detonable or non-detonable. %‘
»
v‘\
Modern high energy propellants are often detonable. The IN
’
’
allowed exhaust signature affects the propellant selection Y
through requirements on exhaust smoke and radiation. fi
C. PROPELLANT SELECTION ¥
From the ballistics performance and mission/vehicle con- :.
‘o
straints, it is possible to make a preliminary selection of 3;
Y
. . . SR
the propellant type that is most likely to give the required ﬁ.
performance, internal ballistics, flame temperature and %,
. ) k.‘
mechanical properties, as well as the necessary storage Ny
n.‘ Y
7
stability, the best hazard properties and exhaust signature -ﬁ;
®
(Ref. 2). A particular propellant will have known (or oy
. ot
estimated) burning rate (r), temperature sensitivity (mg), %x
; N
s
density (Dp), and composition. Then the nominal chamber ~3
pressure (Pg ) can be calculated by using the equation ie'
nom o
( Ref . 3 ) . ::.'
oty
por
Pc = Pmaxtp eXpP (mk (Tnom = Tmax)) (2.6) e,
nom - oy
o
n
D. THEORETICAL PERFORMANCE COMPUTATION _."C
Aty
Following the propellant selection, theoretical per- g&
formance computations can be made for the specified chamber —ii
N
and ambient pressures. A program such as PEPCODE (Ref., 4), }$~
A
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or the PC version "MICROPEP", will provide data such as
thrust coefficient, characteristic exhaust velocity, shift-
ing and frozen equilibrium performance results, optimum noz-
zle expansion ratio, mole fraction of condensed species in

the exhaust, etc.

E. NOZZLE GEOMETRY AND MATERIAL SELECTION

The information on theoretical combustion temperature,
pressure, gas composition, and burn time, together with
geometry constraints, permits the nozzle configuration and

material to be selected.

F. PERFORMANCE LOSS ESTIMATION
It was assumed that the delivered specific impulse could

be written:

Isn nc nc* (2.7)

“th f

where ISpth is the theoretical specific impulse calculated
by "MICROPEP"; and ncf and np* are the thrust coefficient
efficiency and characteristic velocity efficiency (or com-
bustion efficiency), respectively.
ncf was computed by summing the effects from the
following losses
1. Divergence losses (epyy):

2. Two-phase flow losses (erp).,

3. Boundary layer loss (egp).
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»

-

),

{

. . A

4. Kinetics loss (egxiN)+ Yy

-+

,

5. Submergence loss (egyp): o
6. Erosion loss (egrpsg) - 2
I\'

Thus, nc_ = 1-(eprv*terp*eprtexInt esys*egros)/100 (2.8) ~3
A

l.-

The combusion efficiency depends primarily on the o)
residence time (t,), and the latter can be expressed as Y
A

t, = (Vol/m) (P, M/12 R T.) (2.9) i

i’

where f"
w3
- Vol is the irstantaneous volume of the combusor (in3), 20
. . \F
- P, 1s the chamber pressure (1bf/in2), v
13 h

- T, 1is the chamber temperature (%Rr), )
-\-
- M is the molecular weight, i;

- R is the universal gas constant (ft lbf/lbmoleOR),and i_
I\

. L‘\

- m is the mass discharge rate (lbm/sec!}. 2
For example, Figure 3 (Ref. 2) is a plot of specific impulse :2‘
r:'
versus average residence time for aluminized propellants. ;;\

L]
a

i 4bY

It shows that the residence time must be somewhere between

10 to 15 msec to obtain a combustion efficiency between 90% ;g
.'.\.

and 95%. Increasing the free volume of the combustion =

chamber will improve the residence time. 1In this work the »

initial volume was used in the residence time calculation,

i.e., the worst case. o

G. THROAT AREA AND EXIT AREA
Accurately sizing the throat and exit areas 1is one of

the major goals of the solid propellant rocket motor design.
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These areas are dependent on several other variables,
such as thrust coefficient efficiency, combustion
efficiency, specific impulse, and etc.. In the sizing
process, it is convenient to start by using the theoretical
values. The effects of losses can then be handled itera-
tively until the solution converges to the final areas. The
rest of this section will present the basic algorithm for
the throat and exit area sizing process.

The basic definition of specific impulse can be ex-

pressed as (Ref. 3):

Isp,, = F/m (2.10)
where

F = Ce, . Pchth (2.11)
Then

Ath = E (2.12)

Cfen "Ce Pe

The theoretical throat area can be estimated by using
Cfth for shifting equilibrium flow (from 'MICROPEP" - the
theoretical performance computation). The losses which are
calculated to obtain ncf depend upon the output from
"MICROPEP" and the throat area. Thus, iteration is required
to obtain both the losses and throat area.

In summary, the calculation can be conducted in the

following steps:
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1. Calculate A} using equation (2.11).

2. Calculate ncf as discussed above.
3. Calculate Ayp using equation (2.12).
4. Repeat steps 2. and 3., until the values for throat
area and ncf converge.
In the current program the iteration was terminated when
there was less than a 1% change in Ay, per iteration.
The exit area can then be calculated from
Ag = Ayp € (2.13)
where € is the exit to throat area ratio. ¢ is calculated
in "MICROPEP", assuming that the nozzle exit pressure 1is
equal to the local ambient pressure (one-dimensional, ideal

flow is assumed).

H. GRAIN DESIGN

The primary purpose of grain design is to shape the pro-
pellant grain such that the rocket motor can deliver the
required performance (thrust-time or pressure-time profile).

In order to be able to select the general confiquration
of the grain geometry, several parameters must first be
determined: the web fraction (Wg), volumetric loading frac-
tion (Vy), and the length-to-diameter ratio (L/D) (Ref. 5).
L/D is known from the input data. Web fraction is the frac-

tion of the motor radius that is filled with propellant.

Thus, .
Wg = rtb (2.14)
£~ 1o/2) :
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The propellant burning rate (r) is generally expressed in

o

the form:

p.’\;. ,\‘_\‘_\ 3y I:- O

n
r = apc (2.15)
where a and n are empirical constants. They are assumed to ,
4
be known for the selected propellant. The volumetric load-

»
[
LA

ing fraction is defined as the ratio of the volume occupied

N
by the propellant (V,) to the total volume available in the ﬂa
motor for propellant (Vz). Thus, ;

‘ .
\V/ e
o] N
Vg = — (2.16) 5?
Va pos
where 5 ﬁi
_ (7D g
va = ( i ) L (2.17) ?,‘-
I.’l
The reguired pronellant volume is found as shown below :}
N
- W .\i
It = Ftb Ispmtb = Isp 'EE tb = IspwP (2-18) hE
Thus, ‘\lp = It/Isp (2.19) "'::
This yields the reguired propellant weigat (Wp) and o
Vp = ( 2 . 20 ) ;\:
Pp o
o
. . N
where °p is the density or specific weight of the selected o
LAp
propellant., With Wg, V&, and L/D known, an initial selec- }3
tion of qgrain qgeometry can be made (for example, see Ref. ﬁf
5). For a selected grain configuration, the web versus I:f
burning surface area (which is the data needed for §$
X
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thrust

and pressure versus

computed.

I.

The

made using

The

equal to the sum
and the

Figure 4.

mass

thrust and

addition from the
of the
mass exhausted fronm

Thus,

mg = dM/dt + mp

time

pressure versus
conservation of mass for the

burning

the

time

mass accumulated in

calculations)

THRUST AND PRESSURE VERSUS TIME CALCULATIONS

combustor({Ref.

propellant

can

......

be

calculations are

3).

(ﬁg) is

the combustor

nozzle (mp) as

shown in

(2.21)

ﬁo is the mass of gas generated from the burning propellant.

1

. n
mg = lepApr = ]epApaPc

(2.22)

The summation is over all pronellant grains that are burning

at the same time.

dM

dt

where

then

is the mass accumulating in the combustor.

daM d dvol dpg
— = — (oY = — ¢ —
at gt (PgVol) = eq=gp vol —5¢
dvol _ . dpq 1 dP.
at }rAb and 3% ¥ RTg ae
dM EE dvol . vol dP,
dt §TC dt ﬁTC dt
25
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(2.24)
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&n is the mass exhausted from the nozzle. For chocked flow,

tp = EEL%¥¥1J%E (2.25)
Combining equations 2.21 through 2.25 results in
;ppAbapg = (§§Z) dg§1+(ggi)gi° . [Pcéshgc] (2.26)
Solving for dpP./dt
gg% = (v%T)[ETC(z PpBpaPe = 322;299> ~ PC(Q%%l)] (2.27)

Equation 2.27 can be numerically integrated to give P.(t).
The thrust-time behavior can then be obtained from

Po(t) = nc_ Ce(E)Pc(t)Agh(t) (2.28)

J. TERMINAL VELOCITY AND RANGE CALCULATIONS

The last step of solid propellant rocket motor design is
to incorporate the designed motor into the desired airframe
and make a flight simulation. The purpose of this flight
simulation is to verify that the motor <can produce the

desired range and terminal velocity.
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ITI. MICROPEP

"MICRCPEP" is a microcomputer version of the propellant
Evaluation Program (PEP), published in Naval Weapons Center
Report NWC-TP-5037, "Theoretical Computations of Eguilibrium
Compositions, Thermodynamic Properties, and Performance
Characteristics of Propellant Systems," by D. R. Cruise,
April 1979 (Ref. 4). The code (MICROPEP) can handle 12 dif-
ferent input ingredients and 200 combustion species. It
performs the calculations for the thermodynamic properties
and pnertormance of propellant systems.

A. BASIC ASSUMPTIONS
The basic assumptions of "MICROPEP" are as follows:

1. Eguilibrium adiabatic combustion at the nozzle
entrance. *

2. One-dimensional, isentropic expansion in the nozzle in
which the flow can be either a shifting equilibrium
flow (assuming chemical equilibrium 1is maintained
throughout the expansion process) or frozen composi-
tion flow (assuming the chemical composition of the

the flow remains the same throughout the expansion

process).

3. Gases were considered to be perfect.

4. Nozzle exit pressure is assumed to be equal to the

ambient pressure.
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B. INPUTS
Inputs required by "MICROPEP' are:
1. Composition and mass of each ingredient. WNormaily the

weights of ingredients are chosen to add up to 100 g.

NOTE: Ingredients may be input by the user or they
may be selected from an existing data file. 1In
the latter case ingredient serial numbers are
used.

For assistance, use README, which should be on
tne PEPCODED.DAF Data File.

2. Combustion pressure.

3. Nozzle exit pressure. This defines the limits for the

expansion process.

C. OUTPUTS
The program calculates:

1. Combustion product composition, properties , and
temperature at the nozzle entrance.

2. Nozzle exit product composition, properties, and
temperature for two cases:
a. Shifting equilibrium flow
b. Frozen composition flow.

3. Required throat area and exit area with no losses, for
the same two cases.

4. Theoretical specific impulse, thrust coefficient, and
characteristic exhaust velocity for both shifting
equilibrium and frozen composition flow.
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Iv. LOSS MECHANISMS

For estimation of the performance losses, a set of
empirical formulas suggested by the Propulsion and

Energetics Panel of AGARD in AGARD-AR-230 (Ref. 6) were

worou
oy e
PR

used. Similar methods can also be found in NASA Report SP-

'x. ’\;\" ‘1

I

Iy

8039 (Ref. 7) "Solid Rocket Motor Performance Analysis and

LAl ]

Prediction."” It is assumed, as in equation 2.7, that the

2.7,

oy

-

combustion efficiency (nc*) and thrust coefficient effici-

)
4

s Mr

'_-"-_"l

ency (nc ) can be treated f independently. The empirical

L]

formulas are valid only for aluminized propellants.

hd
x

N

A

A. THRUST COEFFICIENT EFFICIENCY

et

.’ }

-

The thrust coefficient efficiency (ncf) can be expressed

._.,
AN )
-,

.

o

as in equation 2.8

e = 1-(eprv*terptepLtekINt €sUBt €EROS) /100.0

7
'v'\’l_'l'

Empirical equations for each of the losses (e's) will be

'\'I.'I‘
e ]

presented and briefly discussed below. More details can be

o
s
SN

found in Reference 6. JL
r:'..-

1. Divergence Loss (&DIV) N

e

. . : . )

This is the loss due to the radial velocity com- s

oo

ponent of the gas at the nozzle exit nlane

'\' ." ."’

0
LU

A

.
1%

(a+9ex
2

f'l{' . ] ..'

EDIV = 50 [l—COS (4.1)
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a is the nozzle half angle and ©6ex is the exit angle for a

contoured nozzle. For a contoured nozzle, o is measured to
a line drawn from the exit and tangent to the wall at the
throat.

2. Kinetics Loss (®*KIN)

- -I\.l?‘\ TR RN R -v_‘-.‘-"-{'l.<

This is the loss (or reduction in performance from

© r ¢ Y
¥oa "

the value of shifting equilibrium flow) associated with not

A5
attaining chemical equilibrium throughout the nozzle expan- :z
b

sion process. It is estimated to be 1/3 of the fractional !
(l

difference between the specific impulse for shifting equi- E
o L . s
librium (Isps) and frozen composition (Ispf)° Thus, >
I .
exry = 33.3 [1 - =2R& (4.2) o
SPs \
R

Both Isps and Ispf are obtained from 'MICROPEP." R,
3. Boundary Layer Loss (%BL) .
N

The boundary layer loss (epp) 1S expressed as N

N

p 0.8 p 0.8 .
c c )

ERL < Cl —_0-—2 [1+2 exp(-C2 ——0——2— tb)] [l+0.016(€—9)] :
Dth Den ™ ° "3
(4.3) ol
~

,h
This loss accounts for both reduced flow areas and transient ﬁv
’

heat loss. 1In equation 4.3, P, is in psi, D¢h is in inches. &
The C; and C, coefficients are "4
N
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for ordinary nozzles Cy = 0.00365
Cr = 0.000937

for steel nozzles Cy = 0.00506

W

Co 0.0

4, Two-Phase Flow Loss (fTP)

This loss 1is due primarily to the velocity lag of
the condensed species of the combustion products as the

mixture passes through the exhaust nozzle,

MgCa D,C5

erp = C3
PC0.15 -0.08

(4.4)
C
Dep -~ ©
where
a. Dy is the diameter of throat in inches

b. Dp is the mean Al,04 particle diameter in

microns and is calculated from

Dp = 3.39 Dth0.4692
c. P, is chamber pressure in psia

d. C's are dependent on the diameter of the throat

Cy = 0.5
D¢ < 1 Cy = 9 Cg = 1 Ce = 1
1 < Dgp < 2@ C3 = 9 Cg = 1 Ce = 0.08
Dyhp>2 and Dp<4: Cy3 = 13.4 Cg = 0.8 Cg = 0.8
D¢p>2 and

4pof8: Cy = 10.2 Cg = 0.8 Cg = 0.4

Den>2 and Dp>8:  C3 = 7.58 Cg = 0.8 Cq = 0.33

e. Mg is the mole fraction of consdensed phase in

moles/100 gm of reactants.
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5. Submergence Loss (&SUB) 3’,
}
This loss is expressed as =
s_
Pee 0.8 0.4 ]
esup = 00684 (=) = — (4.5) o
Ath D * ’-
th [
4
It is due to the nozzle configuration for a submerged nozzle LS
where S is the submergence length in inches (the length that 2
the nozzle is imbedded in the combustion chamber). ;;
6. Nozzle Erosion Loss (€EROS) E
This loss results from nozzle erosion during the :3
o
~
burn and is expressed as :2
I A
e = [1 - ] x 100 (4.6) y
EROS I;E‘Z’g ',
ISpth is the theoretical Isp for the initial nozzle expan- Qi
sion ratio and Ispm is the theoretical Isp for the mean ;}
-\"
expansion ratio. Ispm is determined by interpolation of -
Isp versus the nozzle expansion ratio data from 3
th T
"MICROPEP." =
| .
w
-3
B. COMBUSTION EFFICIENCY N
L4
4
NASA Report SP-8064 (Ref. 2) states that the combustion -
)
efficienty (nc*) is determined by " he completeness of metal o
combustion within the motor and by the degree to which com- f;
-.‘_
R
; bustion products reach chemical equilibrium among N
)
themselves." These effects depend primarily on the 3
My
. . iy
residence time (ty) as expressed in equation 2.9. An ncx of R
&
i
)
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55
90-95% can be attained if residence time is 10-15 msec (see E
wa
Figure 3). o
¢ =
i v
. PROGRAM B
;.-f "
)
The subroutines which solve for the thrust and combus- t*'
tion efficiencies are listed in Appendix A, Subroutine PFE ;
and Subroutine LOSCF. Basically, they followed the method if
discussed in Chapter II. The algorithm is shown below '{f
1. 1Initialize Cg (coefficient of thrust) as Cfth ;'
a e
(theoretical coefficient of thrust from "MICROPEP" g}
o
for shifting equilibrium). 55‘
"’
:\’7'
2. Calculate Ayp and Dgp: Y
o
o
F 1/2 et
Den = 2(c 57 R
th € o
Ly

2N

3 . o ¥
3. Calculate ncf using the relation Eg'
N

ne, = l-(epry*esp*erp*egInt esyp* egros) /100 iy

D

4. Calculate Cfg using g:
:\‘! Y

Cg = C n o

£ fth Ce i
5. Correct Dgyp using 5&;
1/2 vy

F °

Dep = 2 (—F—) a3

Ceg Par Ny

£ Fc N
g
6. Repeat Steps 3 to 5 until Ayp, converges. iﬂf
u\' -

AT

The reason that App was used for the iteration variable was ®
s

that ne (through eg;, epp, and egyg) depends upon Agy. ;&:
0
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V. GRAINS '~
o
[
e
"GRAINS" iS PC based code for the design of radial sided :5
J‘n
star grains, The original version was written by G. J. E‘
2N
Woten and R. McCormick of CSD, United Technologies, November
. . g
1984. It was then modified by LT G. Liston of AFWAL/Port, &f
December 1984. The general shape of this grain and the %:
geometric variables are shown in Figure 5. 4
Ny
"GRAINS" <can be wused in either of two modes: the 3;
4
"Design Mode" or the "Burnback Model." N
.
A. "DESIGN MODE" P
Fof
In the "Design mode" the program solves for geometries 'i
l}
that satisfy input requirements on the number of star points é
required port area, perimeter factor, web, and etc., !l
.S
. '-.'
together with the allowed tolerances on these parameters. o)
The geometric constraints for the grain are determined ~
5
from the propellant characteristic and motor constraints. e
For example: i‘
l\.
<
m Ft3b L
aport = (7)p2[(1 - (3===)) i
spPp e
-
D, tp and F are motor inputs requirements and Isp and pp are f~
determined once the propellant has been selected. %
::
N
o
&~
)
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"BURNBACK MODE"

B.

The "burnback mode" uses the length of the grain,

initial port area, perimeter, and the results from "Design

Mode" to calculate the perimeter, nperimeter factor, port

area, and burning surface area as functions of the web

burned.

C. COMMENTS ON PROGRAM OPERATION

Care must be used for the inputs and input tolerances,

otherwise no accentable solutions will be obtained. It is

best to start with large allowable tolerances on Apspyr €tC.

(typically 20%). After 1initial solutions are found in

"Design" for the number of star points, range of web

thicknesses, etc., the range of the input variables can be

reduced along with the allowable tolerances.

L laaaed
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VI. ROCKET

"ROCKET" is also a PC-based computer code. It was
originally written by The Lockheed Company for a mainframe
computer. Later, it was transferred for use on the IBM-PC
by J. P. Francis of the Naval Weapons Center (August 1985).
The function of "ROCKET" is to calculate the pressure-time
and thrust-time profiles for the motor, including theoreti-
cal calculations for both ignition and tailoff transients.
The description of the motor can include igniters, multiple
propellant grains, and motor insulation. In this thesis
work the program was restricted to a motor with a single
grain configuration.

A. BASIC ASSUMPTIONS
The assumptions made in "ROCKET" are:

1. The combustion products are ideal gases.

2. Propellant burnina rate follows the expression
. n
r = abP. .

3. There are no effects of mass addition or erosive
burning in the combustion chamber.
4. C* varies with Pg in the form of
*x PC

C* = Cref(+——)%
ref(}ret.)
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5. Tuae temperature sensitivity (ng) is used to correct
for the effects of propellant temperature on the
propellant burning rate and chamber pressure.

S = e0.0lop(TH-70°)

rT = E 70°
b ( )

where

cp = (l_n)"K

B. ANALYTICAL BACKGROUND

The program 1is based upon the method discussed 1in
Chapter II, i.e., it numerically integrates eguation (2.27)
to obtain P.(t). Then it calculates C¢ with a fixed ratio
of specific heats (v . Thrust 1is then <calculated using
equation

F = Ce(t)P(E)ALL(E)ACp
where X is nozzle divergence loss and Cp 1is the nozzle
discharge coefficient. A and Cp are only two parts of ”Cf‘
In order to use ROCKET in the combined program, A was set

to unity and Cp was equated to ncf.

C. INPUTS
Inputs to "ROCKET" include:
1. General motor parameters:
a. Throat area (App)
b. Nozzle exit area (Ag)
c. Total motor volume (Vj)

d. Ambient temperature and pressure
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work)

h. Ratio of specific heats for chamber
(this was obtained from "MICROPEP"
conditions)

i. Design pressure (P.)

j. Throat radial erosion rate (erosr).

2. Motor element descrintions:

a, Propellant burning rate (r)

b. Burning rate exponent (n)

c. Propellant temperature sensitive (mg)

d. Burning rate reference pressure

e. Propellant C*

f. Pressure correction exponent for C*

g. Propellant density (pp)

h, A table of web versus burning surface area.

D. OQUTPUTS
The outputs include:
1. A pressure versus time table
2. A thrust versus time table
40
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e. Nozzle throat plug closure blowout nressure
(nozzle |is nluqgged until this pressure 1is
exceeded, typically 35 psia)

f. Initial pressure in the motor (Pgzepor typically

15 psia)

g. Nozzle divergence 1loss X (set equal to 1 in this

gases
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VII. FLYIT

"FLYIT" 1is a three-degree-of-freedom (range, altitude
and angle of attack) trajectory simulation program origi-
nally developed by G. Burgner of the Propulsion Analysis
Branch, Naval Weapons Center (NWC). A User's guide was
later published by Y.G. Coenen (Ref. 8). The program can
simulate vertical-plane trajectories which include take=-off,
climbs, cruises, landing, and rocket boost. It is a tool to
synthesize and analyze the trajectories of air-to-surface,
and surface-to-surface missiles.

The basic structure of "FLYIT" consists of five func-

tional sub-groups, they are:

Atmospherics
- Trajectory controls
- Aerodynamics
- Rocket boosters
- Sustanier propulsion.

Users are allowed to select a different option in each
functional group to simulate different flight profiles with
different propulsion systems. Through the use of "FLYIT" it
is possible to estimate the terminal velocity and range of

certain propulsion systems.

Sl
.

"FLYIT" was not 1incorporated into the main body of the

present program due to time limitations.
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VIII. COMBINED PROGRAM "’\

®
r.: ;
:-. v
The combined program ("SPRMD") is listed in Appendix ?u
A

and basically follows the design process discussed 1in o
Chapter II. The basic structure of this program is shown on N
.":\.
Figure 6. %:.
..-,:.
This program combines "MICROPEP" (to <calculate the zi
theoretical thermodynamic performance of the propellant), N
ur
"PFE," and "LOSCF" (to calculate NCgr and to estimate ncx, %ﬂ
S,

and size the throat and exit areas), "GRAINS" (to provide z-
web burned versus burning surface area for radially sided Zf:
e

'.’*N
star grains}), and "ROCKET" (to compute the pressure-time tﬁs
-5
A

and thrust-time profiles). Inputs to the program include '."
NS
"INPUTO" (the initial mission requirement inputs), "INPUT1" o
oA

(inputs for "MICROPEP"), "INPUT2" (inputs for "GRAINS"), and :ﬁ
o

.

"RCKTIN" (inputs for "ROCKET"). All of these programs com- B
prise an interactive program for solid propellant rocket tf:
Y.
NN

motor preliminary design. 5\
N

..

A. ALGORITHM ;:.r
o
A simplified algorithm of this program can be briefly -i‘
listed as follows: N
o

1. "INPUTO" -
.’:.

Input the basic ballistic and mission/vehicle .
.'_\

requirements. Calculate the required averaage §§

X

\.\"

-.‘-_l
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A% INPUT VARIABLES

“MICROPEP" AT 2 P's &— 250 psi; Pe
THEORETICAL PERFORMANCE

V
AGARD L0OSS CALCULATIONS

ESTIMATED ACTUAL PERFORMANCE

/
"GRAINS"

Ab VS. WEB BURNED

{ "ROCKET" |

THRUST VS. TIME

- PRESSURE VS. TIME
\'4
"FLYIT3"

_ .<_-_____l TERMINAL VELOCITY

RANGE

¥

FIGURE 6.

FLOW CHART FOR THE COMBINED PROGRAM
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requirements. Calculate the required average

chamber pressure for a specific propellant and

nropellant temperature.

"INPUTL"

Input propellant composition, chamber pressure, and

ambient pressure. Create a file for 'MICROPEP,"

"MICROPEPR"

Perform the theoretical performarce calculations for

the selected propellant.

"PFE"

Performs the following functions:

a. Estimates the combustion efficiency

b. Calculates the delivered specific impulse

c. Sizes the throat area, exist area, calculates
perimeter factor, perimeter, required web,
required burning rate, and etc.

"INPUT2"

Input the geometrical description of the star grain

and propellant characteristics. Create a file to
accommodate the processing of "GRAINS." Other arain
design programs {(such as SPP) can be readily

incorporated.
"GRAINS"
Designs the star grain and calculates web versus

burning surface area.
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7. "RCKTIN"

Uses the results from the previous programs to create
a file for "ROCKET."
8. "ROCKET"

Calculates the pressure-time and thrust-time profiles.

B. BRANCHING

The algorithm discussed above also provides for the
capabilicy of branching. For example, 1if the desired P.
versus time is not attained, the user can either re-~do the

grain design and/or select other propellant properties.
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IX. EXAMPLE OF DESIGN PROGRAM ;*

o

]

Al

The initial requirements which are input into the pro- “d

\

) . .

A gram are shown in Table 1, together with a selected value :j
for the temperature sensitivity of the propellant (mg)-. A !
reproducibility tolerance of 7% was chosen. J

The nominal operating pressure at Tp = 70°F was calcu- 3

lated to be 1030 psia and the required propellant burning

«r
a_w

rate for a web fraction of 0.5 was 0.615 in/sec.

L}

L4
3

A composite ©propellant consisting of 78% AP, 12% HTPB,

and 10% Al was selected. "MICROPEP" was then run for pres-

A

sures of 250 psia and the nominal P, value of 1030 psi.

Outputs from "MICROPEP" are presented in Table 2.

".',"‘7\' XS Y AT R ELS S L AR T

L
L]

DN g (SRR

ST e
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PN N
2l

.
r’
.
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TABLE 1

INPUT PARAMETERS

AVERAGE THRUST, LBF.ccccscessscaccanas 14250.0
BURN TIME, SEC..ccccccccccvccsscsccasns 6.50
MINIMUM THRUST REQUIRED, LBF..e:.e¢e... 8000.000000
MOTOR LENGTH, INCH:¢sceeeceososaccsnas 40.00
MOTOR DIAMETER, INCH.:ccoeoeosnacccnns 16.00
MAXIMUM EXPECTED OPERATING PRESSURE... 1300.0
TPMAX, Fuivieeroetesoscteccccssvoonsasesns 150.0
TPNOM, Feeevececeocsocscscssocsncsanss 70.0
TPMIN, F.oo.‘.0.0..0.'0...'..'00.....' =-65.0
TEMPERATURE SENSITIVITY, %/F.cccccccee 0.200
NOMINAL CHAMBER PRESSURE, PSI.ccceoss 1030.2

REQUIRED BURNING RATE, IN/SEC.¢...ccse. 0.615
ALTITUDE, FTleeeeeceescoscsecsscncnonsns 10000.
AMBIENT PRESSURE, PSI:tccceccnccccacsccs 10.13
AMBIENT TEMPERATURE, Recevececcsncsosos 483.1
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TABLE 2 Py
D -
i
- [
MICROPEP OUTPUT FOR P = 250 AND 1030 PSIA: s
P. = 10.0 PSIA. 78% AP, 12% HTPB, 10% Al o
®
\l
-.h
::-'
DESIGN 1 Case 1l of 2 W
Gy
DH  DENS COMPOSITION o
' AMMONIUM PERCHLORATE (AP) -602 0.07040 1CL 4H 1IN 40 ]
HTPB (SINCLAIR) 13 0.03320 103H 73C 10 R
ALUMINUM (PURE CRYSTALINE) 0 0.09760 1AL oo
Ul
-
INGREDIENT WEIGHTS (IN ORDER) AND TOTAL WEIGHT (LAST ITEM IN LIST) T
. s “w
78.0000 12.0000 10.0000 100.0000 . ‘jx‘
INGREDIENT VOLUME RATIOS 5
AMMONIUM PERCHLORATE (AP) 70.487%  HTPB (SINCLAIR) 22.995% Y,
ALUMINUM (PURE CRYSTALINE) 6.518% )
"
THE PROPELLENT DENSITY IS 0.06362 LB/CU-IN OR 1.7610 GM/CC k;t
=
NUMBER OF GRAM ATOMS OF EACH ELEMENT PRESENT IN INGREDIENTS 55(
3.895570 H 0.878965 C 0.663847 N 2.667428 O [
0.370645 AL 0.663847 CL = o
CP = 43.62668610 o
CHAMBER RESULTS FOLLOW: e
T(K) T(F) P(ATM) P(PSI) ENTHALPY ENTROPY CP/CV GAS RT/V  MOL WY 3
3248. 5388, 17.01 250.00 -46.80 240.56 1.1990 3.644 4.667  27.44 ;H.
DAMPED AND UNDAMPED SPEED OF SOUND= 3211.743 AND 3563.987 FT/SEC !,
Mo
HEAT CONTENT (298 REF) 1253.397 CAL/GR 2257.631 BTU/LBM %
B
. .:;.
0.98321 H20 0.71991 CO 0.58380 H2 0.57339 HC1 o
0.32835 N2 0.17947 Al203* 0.15900 CO2 0.11256 H ‘a:‘
0.07546 HO 0.07476 Cl 0.00880 © 0.00709 NO e
5.93E-03 02 4.51E-03 AlocCl 3.65E-03 AlCl2 3.20E-03 AlCl ir
1.32E-04 AlC13 1.28E-04 C12 1.19E-04 AlO . 6.37E-05 Al S
2.31E-05 CHO 1.73E-05 NH 1.61E-05 N 1.21E-05 HO2 o
7.13E-06 NH3 5.55E-06 NHO' 5.24E-06 Al20 4.85E-06 AlH =
2.03E-06 CNH 1.91E-06 AlHO2 1.09E-06 CH20 e
CP = 41.92294693 . N
EXHAUST RESULTS FOLLOW: » o)
: »
T(K) T(F) P(ATM) P(PSI) ENTHALPY ENTROPY CP/CV GAS RT/V  MOL WT -
2313, 3704, 0.69 10.13 -108.91 240.56 1.1995 3.510 0.196  28.49
DAMPED AND UNDAMPED SPEED OF SOUND= 2650.051 AND 2952.060 FT/SEC |
HEAT CONTENT (298 REF)  851.166 CAL/GR 1533.130 BTU/LBM 5
1.01958 H20 0.67108 CO 0.64916 HC1 0.59218 H2 !;;
0.33181 N2 0.20785 CO2 0.18284 Al203& 0.01785 H o
0.01421 €1 0.00497 HO 0.00233 Al203+ 0.00021 NO o
1.33E-04 AlCl2 1.04E-04 O 1.01E-04 AlOCL 7.51E-05 02 it
4.03E-05 AlCl 1.25E-05 AlCl3 9.06E-06 Cl2 X
[N
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TABLE 2 CONTINUED)

MICROPEP QUTPUT FOR P =

250 AND 1030 PSIA:

P. = 10.0 PSIA. 78% AP, 12% HTPB, 10% Al
PERFORMANCE: FROZEN ON FIRST LINE, SHIFTING ON SECOND LINE
ISP GAMMA T» P» C* CF OPT EX D-ISP A*M, EX T
226.7 1.1835 2975, 9.65 5060.1 1.447 4.31 399.2 0.62924 1976,
232.5 1.1497 1045. 9.77 5082.8 1l.4/2 4.72 409.4 0.63205 2313.
BOOST VELOCITIES FOR PROPELLANT DENSILY OF 0.06362 (S.G. OF 1.761)
5./23451. 10./18585. 15./15857. 25./12612. 30./11520. 55./ 8215.
60./ 7788. 69./ 7128. 71./ 6998. 88./ 6064. 100./ 5548. 150./ 4113.
175./347. 200./3277. 300./2336. 1000./ 780. 3000./ 269. 5000./ 163.
EXP. EXIT EXIT EXIT OPTIMUM OPTIMUM VACUUM VACUUM SEA LV SEA LV
RATIO PRESS PRESS TEMP IMPULSE IMPULSE IMPULS IMPULS IMPULS IMPULS
ATM sI K SEC SI SEC sI SEC SI
1. 9.769 989.6 3044. 104.9 1029. 195.7 1919. 186.4 1846.
2. 3.256 329.9 2678. 175.0 1716. 235.5 2309. 216.9 2149.
3. 1.215 123.0 238s6. 214.4 2103. 248.3 2435. 220.4 2184.
4. 0.833 84.4 2314. 226.6 2223. 257.6 2526. 220.5 2184.
5. 0.644 65.3 2313. 234.5 2300. 264.5 2593. 218.0 2160.
6. 0.523 §3.0 2311. 240.7 2361. 269.9 2647. 214.1 2121.
7. 0.439 44.5 2310. 245.8 2410. 274.4 2690. 209.3 2074.
8. 0.378 38.3 2310. 250.1 2453. 278.2 2728. 203.9 2019.
9. 0.331 33.5 2309. 253.8 2489. 281.5 2760. 197.9 1960.
10. 0.294 29.8 2308, 257.1 2521. 284.4 2789. 191.5 1897.
11. 0.2864 26.8 2307. 260.0 2550, 287.0 2814. 184.8 1831.
12. 0.240 24.3 2307. 262.6 2575. 289.3 2837. 177.9 1762.
13. o0.219 22.2 2306. 265.0 2599. 291.5 2858. 170.7 1691.
14. 0.202 20.5 230s6. 267.2 2620. 293.5 2878, 163.4 1619.
15. 0.187 19.0 230S. 269.2 2640. 295.3 28%6. 155.9 1545.
16. 0.174 17.7 2305. 271.1 2658, 297.0 2912. 148.3 1469.
17. 0.163 16.5 2305. 272.8 2675. 298.5 2928. 140.6 1393.
18. 0.153 15.5 2304. 274.4 2691. 300.0 2942. 1132.8 1316.
19. 0.144 14.6 2304. 276.0 2706. 301.4 2956. 1l24.9 1237.
20. 0,136 13.8 2304. 277.4 2720. 302.7 2969. 116.9 1l158.
21. 0.129 13.1 2303. 278.8 2734, 304.0 2981. 108.9 1079.
22. 0.123 12.4 2303. 280.1 2746, 305.1 2992. 100.8 998.
23. 0.117 _11.8 2303. 281.3 2758. 306.3 3003. 92.6 917.
24. 0.112 11.3 2302. 282.5 2770. 307.3 3014. 84.4 836.
25. 0.107 lo.8 2302. 283.6 2781. 308.3 3024. 76.1 754.
Y
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TABLE 2 (CONTINUED) 3
- L]
MICROPEP OUTPUT FOR P, = 250 AND 1030 PSIA: .

P. = 10.0 PSIA. 78% AP, 12% HTPB, 10% Al
d
J
| 3
DESIGN 1 Case 2 of 2
{ « )

DH DENS COMPOSITION ,

* AMMONIUM PERCHLORATE (AP) -602 0.07040  1CL 4H 1IN 40 : ‘
HTPB (SINCLAIR) 13 0.03320 103H 73C 10 [
ALUMINUM (PURE CRYSTALINE) 0 0.09760 1AL
INGREDIENT WEIGHTS (IN ORDER) AND TOTAL WEIGHT (LAST ITEM IN LIST) :

78.0000  12.0000  10.0000 . 100.0000 : 2
INGREDIENT VOLUME RATIOS ‘ ' .
AMMONIUM PERCHLORATE (AP) ..70.487% HTPB (SINCLAIR) . 22.995% !
ALUMINUM (PURE CRYSTALINE) " 6.518% :
THE PROPELLENT DENSITY IS 0.06362 LB/CU-IN OR 1.7610 GM/CC 5
NUMBER OF GRAM ATOMS OF EACH ELEMENT PRESENT IN INGREDIENTS | .

3.895570 H 0.878965 C 0.663847 N 2.667428 ©

0.370645 AL 0.663847 CL

cp = 43.75085831
CHAMBER RESULTS FOLLOW:
T(K) -T(F) P(ATM) P(PSI) ENTHALPY ENTROPY CP/CV GAS RT/V  MOL WT .
5375. 5616. 70.08  1030.24 =-46.80 230.37 1.1952 3.597 19.485 27.80
DAMPED AND UNDAMPED SPEED OF SOUND= 3247.693 AND 3603.495 FT/SEC 3
HEAT CONTENT (298 REF) 1309.442 CAL/GR 2358.580 BTU/LBM 3
1.01084 H20 0.71716 CO 0.59375 HCl 0.57367 H2 P
0.32895 N2 0.17941 Al203+* 0.16171 CO2 0.07526 H
0.05727 HO 0.05233 Cl 0.00586 NO 0.00506 Alcl2
4.49E-03 © 3.70E-03 Alocl 3.15E-03 02 2.63E-03 AlCl : ;
3.14E-04 AlCl3 1.83E-04 Cl2 7.24E-05 AlO 5.77E=-05 CHO
3.63E-05 Al 2.75E-05 NH 2.71E-05 NH3 1.55E-05 N -
1.33E-05 HO2 9.39E-06 NHO 8.06E-06 CNH 5.08E-06 AlH
4.45E-06 CH20 3.50E-06 Al20 2.16E-06 AlHO2 :
cp = 40.18283081 »
¥
EXHAUST RESULTS FOLLOW:
L]
T(K) T(F) P(ATHM) P(PSI) ENTHALPY ENTROPY CP/CV GAS RT/V  MOL WT )
1852. 2874.  0.69  10.13 =-130.14 230.37 1.2087 3.491  0.197 28.64 .
Y
DAMPED AND UNDAMPED SPEED OF SOUND= 2373.392 AND 2644.581 FT/SEC .
LY
HEAT CONTENT (298 REF)  659.260 CAL/GR 1187.465 BTU/LBM
0.98547 H20 0.66303 HCl 0.63198 CO 0.63022 H2
0.33192 N2 0.24696 CO2 0.18531 Al203& 0.00097 H
7.87E-04 Cl 1.10E-04 HO 2.78E-06 AlCl2 2.25E-06 NO
2.21E-06 AlcCl3 1.52E-06 NH3
PERFORMANCE: FROZEN ON FIRST LINE, SHIFTING ON SECOND LINE
51
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TABLE 2 (CONTINUED) =
oL
MICROPEP OUTPUT FOR P. = 250 AND 1030 PSIA: it
P. = 10.0 PSIA. 78% AP, 12% HTPB, 10% Al =
N
.,\
'.p.'
In
v..
ral
Isp GAMMA T+ P C* CF OPT EX D-ISP A*M, EXT EEf
© 262.5 1.1907 3081. 39.69 5084.9 1.661 12.28 462.2 0.15344 1610. s
269.3 1.1617 3139. 40.09 5126.9 1.690 13.25 474.2 0.15471 1852. K
R a;
BOOST VELOCITIES FOR PROPELLANT DENSITY OF 0.06362 (5.G. OF 1.761) =$‘
5./27165. 10./21528. 15./18368. 25./14609. 30./13344. 55./ 9516. IL
60./ 9021. 6%./ 8257. 71./ 8106. 88./ 7024. 100./ 6426. 150./ 4764. A
175./4224. 200./3796. 300./2705. 1000./ 904. 3000./ 312. 5000./ 188. :;:,
X
L)
EXP. EXIT EXIT EXIT OPTIMUM OPTIMUM VACUUM VACUUM SEA LV SEA LV ’ -
RATIO PRESS PRESS TEMP IMPULSE IMPULSE IMPULS IMPULS IMPULS IMPULS r}.
ATM SI K SEC sI SEC sI SEC sI #:.
1. 40.059 4057.9 3139. 106.6 1045. 197.7 1939. 195.4 1936. DY
2. 13.353 1352.6 2722. 176.8 1734. 237.6 2330, 233.0 2308. ®
3. 4.904 496.8 2391, 216.7 2125. 250.1 2453. 243.3 2410. ow.
4. 3.289 333.2 2270. 229.5 2250. 259.4 2544. 250.3 2479. A
5. 2.435 246.7 2183. 238.3 2337. 266.0 2609. 254.7 2523. S
6. 1.913 193.8 2115. 245.0 2402. 271.1 2658. 257.4 2550. e
7. 1.563 158.3 2060. 250.3 2454. 275.1 2698, 259.2 2568. )
8, 1.314 133.1 2014. 254.6 2497. 278.5 2731. 260.3 2579. ﬂ:f
9. 1.129 114.3 1975, 258.3 2532. 28l1.4 2759. 260.9 2584. Y
10. 0.986 99.9 1940. 261.4 2563. 283.8 2783. 261.1 2586. 24
11. 0.873 88.4 1910. 264.2 2590, 286.0 2805. 261.0 2585. ®
12. 0.781 79.1 l882. 266.6 2615. 287.9 2824. 260.7 2582. R
13. 0.706 71.5 1858, 268.8 2636, 289.7 2841. 260.1 2577. S
14, 0.643 65.1 1835. 270.8 2655, 291.3 2856. 259.4 2570. .\}
15. 0.589 59.7 1814. 272.6 2673, 292.7 2870. 258.6 2562. NS
16. 0.543 55.0 1795. 274.3 2690. 294.0 2883, 257.6 2552. SR
17. 0.503 51.0 1778. 275.8 2705. 295.2 2895. 256.6 2542. e
18, 0.468 47.4 1761. 277.2 2718. 296.4 2906. 255.5 2531. >
19. 0.438 44.3 1746. 278.5 2731. 29%97.4 2917. 254.2 2519. b
20. 0.411 41.6 1731. 279.8 2743, 298.4 2927. 253.0 2506. ?:‘
21. 0.386 39.1 1717. 280.9 2755. 299.4 2936. 251.6 2493. o~
22. 0.365 36.9 1704. 282.0 2766. 300.3 2944. 250.2 2479. .
23, 0.345 34.9 1692. 283.0 2776. 301.1 ' 2952. 248.8 2465. R
24. 0.327 -33.1 1681. 284.0 2785. 301.9 2960. 247.3 2450. e
25. 0.311 31.5 1670. 284.9 2794, 302.6 2968. 245.8 2435, Ry
] i
3 .\
-:,:.
o€

P
N AL S

.'{{"lvl

52

&Yy Y
»
<, z

L

"1 \‘ .'-, .

IR

¢
v
¢ r




. o an am e oy

1
9
."]
1
1

The cutput from "MICRCOPEP" indicated the followinqg

*

C = 5126.9 ft/sec
th
ISp = 269.3 1lbf sec/lbm
th
e = 13.25

Moles of condensed Al;03/100 gm = 0.1794
pp = -0636 lbm/in3

The AGARD-AR-230 empirical equations were then used to
estimate the value for nc . ncx was chosen to be 0.93. For
£ the calculated residence time of 7.2 msec, Figure 3, indi-
cates that a better value may have been approximately 0.87.
As discussed above, the losses are iterated with the throat
area. The resulting losses and throat area are presented in
Table 3.

Once the losses have been estimated ISp can be deter-

mined from

Isp = “CE”C* ISpth

The following parameters were then calculated:

m = F/ISp
Vp = It/Ispop

V2 = Vp/Va

m 2 T 2

J = A
th/Ap

These parameters are shown in Table 4.
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TABLE 3

ESTIMATED PERFORMANCE LOSSES

PERCENT
PERCENT
PERCENT
PERCENT
PERCENT
PERCENT

Etact=

PERCENT
PERCENT
PERCENT
PERCENT
PERCENT
PERCENT

DIVERGENCE LOSS:cecescecscccocosns
TWO PHASE FLOW LOSS:ctecesscosacns
BOUNDARY LAYER LOSSecccetseesccsans
KINETIC LOSS:ceeereosssesssesnonns
SUBMERGENCE LOSS.:ccoscesscessonas
EROSION LOSS.eceetissssssccosscons
THRUST COEFFICIENT EFFICIENCY...
0.924 Cfc= 1.562 Ath=

DIVERGENCE LOSS.:scveces
TWO PHASE FLO2W LOSS.....
BOUNDARY LAYER LOSS.....
KINETIC LOSScecceesccsses
SUBMERGENCE LOSS.:.esese
EROSION IOSS:ceeesesssnn

e s 0 s 0 00

® 9 0000 ¢ 0

¢ o8 00 ¢ 000

THRUST COEFFICIENT EFFICIENCY...cocveoocns
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1.704
3.202
l1.828
0.849
0.000
0.007
0.824
8.856
1.704
3.199
1.783
0.849
0.000
0.007
0.925
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TABLE 4

CALCULATED MOTOR DATA

THRUST COEFFICIENT.cccccecccsssssasasnse 1.563
ETACE cccctcoccosssnssssosnsnscssnssaassssee 0.925
SPECIFIC IMPULSE, LBF SEC/LBM...cccsse 231.587
MASS FLOW RATE, ILBM/SEC.cceveecvenessn 61.532
PROPELLANT VOLUME, CU IN.ccoveossssnsce 6286.8
NOZZLE THROAT AREA, SQ IN..cceeesccscee 8.851"
NOZZLE EXIT AREA, SQ IN.ceeesvaascnns 117.290
EQUIVALENT PORT DIAMETER, IN.:ceecoccecs 7.476
PORT AREA, SQ IN ciceosaveccvcccsssasscs 43.893
PERIMETER FACTOR: ¢ et essaccscsassnnsosas 2.489
REQUIRED WEB, IN:cseeosoevesecssasssses 2.500
REQUIRED WEB FRACTION. .t vcecesssccccses 0.312
VOLUMETRIC LOADING.:.ccvceccecssssccvocs 0.782
) LENGTH TO DIAMETER RATIO..cccescocacsss 2.500
RESIDENCE TIME, MSEC. et veceavccssssncns 7.256
THROAT TO PORT AREA RATIO (J FACTOR)... 0.202
REQUIRED BURNING RATE, IN/SECieeevans 0.385
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| At this point the following expressions remain to be ::
: ~
| satisfied: tﬁ
Perimeter Factor = PFAC = Pwetted/"Dpe gé:
-
PFAC =Ap/mDy L AQ
R
Ap wetted ey
m = p A r 1
P b "Penom -
r = web/tb A
In these three expressions the unspecified variables are ?j
as
. ]
PFAC, Ap, r, and web. g
. )
For a selected web or r the other parameters can be :j;
o™
'5,_.-
determined. For example, in the current problem Table E g:
summarizes the required values for selected web f;ﬂ
thicknesses. *:.

[

TABLE 5 .
.i:. ¢
Y
REQUIRED PARAMETERS FOR SELECTED WEBS ??
. ) ~
web(in) r (in/sec) An (in?2) PFAC Qi
3.5 .538 1796 1.91 )
G
3.0 .461 2095 2.22 L
'.-'_:r
2.5 .385 2514 2.67 S,
l.‘ -
o
. ;‘.. g
Once the tequired burning rate (r) is determined, appro- ;:;
l.“-‘
priate values of a and n are required for the R;
I
. n N
expression r = P, . il
The grain design problem 1is to find a geometry which {i:
will satisfy Table 5, together with the required conditions i;
on L, D, P.-t and F-t (and stress). ‘.
A
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In the present program, only radially spoked star grains h
(]
can be analyzed. It may not be possible to satisfy the ;'
_o
motor reguirements with this type of grain. The process is '
N
essentially one of trial-and-error. 3
i Three attempts at meeting the design requirements are ]
presented. One 6-point and two 8-point designs were tried. £
a3 . ¥
. A typical output from the "Design Mode" of "GRAINS" is b
" :
. shown in Table 6. :J
. Once the "GRAINS Design Mode" has been run, "GRAINS '
[y
: Burnback" is run to obtain Ay versus web. &
. The output from "Burnback" for Case II is shown in Table w4
7. .
R
"ROCKET" can then be run to obtain the pressure-time and g
N
thrust—-time profiles. Input data for Case II are shown in
Table 8. .~
4 N
: A small section of the output from "ROCKET" is shown in =3
N
¢ .,
L Table 9 for Case II. -
A A summary of the results for the three cases 1is pre- @
. o
; sented in Table 10 and pressure-time traces are shown in ;
. Figure 7. o
; None of the cases attempted met the desired design ?
‘ r:
' values with sufficient accuracy. Further iterations may re- o
sult in a better solution. However, the star design has .
o bt
X considerable sliver with the resulting long tailoff. This o
) N
3 section was presented in order to demonstrate the process o
-~ required to obtain a final grain design.
A ~
[} w
: 57 N
' A\
] ~
N
Y

[ 4

e

.
._-/‘,_k.{\__.r\.:_‘f_f_‘ __.r\_. \. -/'_\-r' .r\r e \. - \J'_ Rt PR NN v RN LT LR ._ ¥, ‘_._\..__- N AT ANt AT AT ‘..\ \:_ ~ata A
A ol , g J X 5 o



y TABLE 6

- OUTPUT FROM "DESIGN MODE" OF "GRAINS"

Maxiaup Numder of Sooke

s = ¢ grain Quter Xadius = 2.99000
[esired Port Area = 43

! (83293 Desireq Perimeter Factor = 2,48915
i RIT = 3.50000  DELZ = -0.25000  FIN2 =  2.00000

! SRI1 0.25000 DL 0.10000  FINi 4.25000

| SRI2 0.25000  DEL4 0.16000  FINé = 0 25000
|

!

!

"
n
"

FINWEB = +.00000  WEBSTP-= 0.25000  KSPOKE = 0.530(% 5e
CIRTOL = ¢.10000  PTTO0L =  0.:10000  ZERTOL = 5.:9000 ' o

Telerance Ligits

PR A

AN

Sore Arear Mimiaus = 39.50384 Maxiaum = 43,28222
| Ferlmeter: Rintaum = S2.61320 Baxiaum = 64,2038
‘ )

Circie @ Mimimui 324.30000 vaxieum = 336.0000¢

1"
iR

Ty

& 1'%

- Tar=: = - o SAnA
wel [allgkness = _L,oLWUU

gy

v

L 4
T

-
.
A - ~r oy - - ~n " -mT an rr - gy v Acrem [ .
ATLrT 2 Fral rEL R2 =3 £S <R oxl ZR are b DU o DO 4 XA
—— - . ~ . - - croatera o N ¥
SERGR -> Gl greater tnan PTTDL, therefore equal RS
t
A EY L35 BN GRE AN om o= n e~ T AL T TAn % AAN TOARA A AL, 0 4fT Y Ans A . A gmsm € oA
3 51,832 00538 20100 ILEOC 3,730 IL2SC 5.0 2,000 L 030 1,280 D107 3,205 I3.81f 2,719 8,080 \“:_,.
R R - ) s o~ R ~z ~ AC ooz BT - s-z
3&:, 20 Z PR S A TG SO S L PR PR PPt G B § e
8 . ~ S0 uEoeonsutl L ID0 L XDl Lolloowslloliuiie L7l L IT -
= Al
= ar erelere €dual Y
2 AY 2T s ras s omsz s 9gs ARS T SEc T EAL N AAf, f NEC A ATA A4, Ips T D A R 2 T
2 ITWGTT AL LED Ll L7%D GGG LLIEE SLEME 80000 0,230 LLIEG CLITE A.7ED celEis LT2R O llles »
bl
——e e N e . -———— . . Lo . . B
IRRGE -0 gl greater gnas TTUdL, trerefore eQual v
TSN B3 £T [re o~ tam rogas v 7T S ACE T = EAR GO 0D SER N ABS T Aan T qes AL Qed A FAp s oens s
S Il oz ElD LLisr LU L0750 5250 S.500 3,000 £.250 2,250 G.EA5 T.Zle 28.314 L7025 LIx o
SIR0I . N mpaater wear ST epapaéara g’ N
(i ©owa GTEAVET InAr 7 oo, VRETEIOTe elud. P ="
C S
soore L. me N [o}atel 4ot Smps as 3l -
SRRIE - el grealer wnan PINTCL, tnereisre ecudd . : IR
3 .
5 NT LT [E a4 2 oE7n o~ oA QN T n8n T et A Ans KomEs - T4 LS. BN 1.V S VL) r
= I7.850 BI.34¢ 3. 331 L2360 2,300 T.230 LLEGL 2 00t B ZED DL230 L840 3,730 .88 LTS 24 -"
srane . [N A A L
RAle - Fwpsl .00 less tnan 0.0 ' p.
-
- oo P A .
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TABLE 7 ¥4
¥
GRAINS "BURNBACK" OUTPUT FOR CASE II ._\
LT iy
. A
L5137 mauls [
---------- [,
%axizud husber of Speres 7 0 irarn Quter dscigs = 3.00000 b
Desired Port Area = 41.ICIV Des.sez Ferzmeier Factor = 2.I53% -..::
It = 3.00000 JELZ = D.utwdl TINZ = 0L00000 z _
SRIt = ¢.2500Q EL o= 0,00000 FiND = (L25060 A
8212 = Q.25000 BEis = 0.00000 TiNe = 125000 >
FINWEd = 0.00000 WEBSTF = 0.00000 KSPCKE = 0,00000 -~
CIRTCL = 5.00000 ATTCL = 0,00000 FERTIL = 0.20000 o
o
Surnoack Inputs ’ _':::
Brain Lengin = $0.00000 eHI2 = 26.81400 PHI4 = T.55aw [
STEPL = S, §ter2 = G, §iERy = < 37 = L, gTEEE e G "
Number of Spokes = 8 J
1.
wed Thickness = 2,50000 i".
Web Perimeter Perimeter  Burn Port
Burned Factor Area Area -\';
(IN) (IN) (5@ I\ (5% % -
‘\"’.
)
Y
Burnback of SR! (Spoxe Cormer Radius) o
>
0.000  58.737 2,550 2349.472 42,12 -~
P\J
e
0.050  S3.050  2.480 2362038 +D.066 o
g,
. . oo ]
0,100 33.383 2,415 2274.804 48,027 e
%
3019 S3.679 2,357 2387.470  SL.L3 {".-
. . _’( ..‘n
€.200  59.9%3 2,303 2399.737 G2.3% . N
3 ) -~
0,250  60.308  2.253 2412.303  §7.002 7, .
. ‘:,,\
5,250 60,308 2,253 2412.303 87,002 R
.J.\
-'r\
S.465 £1.385 S.054 2455.57R TLL054
.:,\
LETS ELIS0 1504 24B5.997  B4.T4T o
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TABLE 7 (CONTINUED)

"BURNBACK"

OUTPUT

FOR CASE II
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L

n
v

Hurngack of JSPLKID i3Izore 3ices

§2.50¢

£0.810

1578 2300, 140

4 AanA
S VP

R £
-
, e

2364.680

c b . r AAa: Qf
1,340 37.42¢ .38 229,930
v e ce A - Ansa aA
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- R : P ~
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TABLE 8

INPUT DATA FOR "ROCKET", CASE II

wstgr Feriorpanis tv bt T oilee

M2TTT RAS

DESCRI;TIG&
BURN RATE
BUBN RATZ
PI SL5 K
BURN R
L ITAR

s avap TY2
o 3TAR EXF,
Ay ATy
P fo O

IANITION TIME :.0000
DILTA k. TiRE R
Noraai incu® :s finisned
Seneral woniiguration PARAMITEIRS are ...

Tarpar ARZA

3% ARER

nsicn 4700

a. Motor VOL Mz

IINT Temderature
Sressure

e A
T OR0LT
ELOW0LT

I3

3 —4 Ny Ty
b

»2a
IS
v

w00, 030
secy pATs

600, 0.000300
1400, 0,360

WEB BURN AREA
0.000 £349.472
0.230 2411.932
:.108 2507.744
1,340 2296.212
.01 2065.360
..uOO 1.0 l.l

1.832 BlL.473
3.342 0.000

TOTA. PROPELLANT WEIGHT= 411,99 IGNITER WEIGHT=

S

-l




VATV

2
N7
O TABLE 9

SAMPLE OUTPUT -FROM "ROCKET", CASE II

T e POST FRIz VO © omIland WiSTE K3 T aadt A7 dva.
7,205 88G.14 -835.13 TISGIE 376.80 33.81 0.0 3812 8,831 v.000¢
7,205 G785 -643. 43 7343.90 330,28 33,04 0,00 34.33 8.851  0.0000
7,246 339.73 -b34.70 753442 380.93 3227 0,00 33,55 8,851 ©.0000
7.266  G4E.88 -624.11 7364.68 381.60 3L e 378 8.851  0.0000
7.287 534.18 -613.13 7574.71 382,24 30.78  0.00 32.03 8,851  0.0000
a7 LTS -602.31 . 7384.50 J8l.B6 0,06 LL00 3.2 8,83  0.0000
7,327 §03.51 -381.3¢ 7334.07 283.47 2935 .00 du.Jb 8.831 £0000
7,388 49781 -560.¢¥ 7603.40 384,07 28,85 0,00 25.84 8.851  0.0000
7.388  w33.73 -963.88 78i2.31 84,05 22,87 0.0 25.14 3.851 HNTACY
7,383 s U7 -3%3.22 XS 85,2l 7,30 0,00 23,45, 3830 L0000
7.40%  4BZ2.82 -348.69 7836, 09 285,75 2558 49,00 2007 8,858 G.000¢
7,430 451,69 -335.30 763836 288,30 2580 .00 NS H 5. 881 <. 000

BRI R RN KER 7640.85 RETPRE 2538 L R RIR- N VY
TeRIL o 8isua EVRR: Tii8.53 337,354 P Y ke 2.85 conCink
7.e30 0 sisle -347 . BE 750,76 337,84 25,43 500 25,38 3.83i MG
70312 #5006 =432, 04 7E75.42 388,33 OCTIVICR 24,58 3851 Vel
7,832 39%.ib -4E8.28 7377.98 388.8. 22,8 .00 22,97 3.831  5.80C0
NS 7,373 S7E.IS =563, 20 723,32 372 el LG 2.8 3,830 SO0
~0 T.eis o Jad Mt -455.7¢ 7706, 01 338,549 20,72 S .88 3.85F . 0000
:Eﬁ TS 846 -4 T2 773,08 P42 13,88 (.00 25,60 3,350 .0
:A 7.695 323,33 ~4.0.28 T730,38 RE VI 13.57 .00 13,36 3.850 .00
" 7,737 308.%9 -358.32 774308 332,93 000 G500 12,36 g. 9% VD
§ 7,778 25L.52 -32:.89 775%.56 2%73.85 13,78 500 Y 3,850 L.
T8 U3 -3E2.36 7783.85 398,33 FT T RR Y 18.59 2830 60000
. 7.860 282,63 -388.52 7773.864 354,58 £5.09 GO0 (L.l 2,850 w0000

7.0 z46.58 -33%.5 7784.07 355,58 LN B RH .85 . “WOF

7.942 235,22 -32i.08 77343 335,13 AT L 14,57 S.E30 Lk
T.eal LLLGT -397.06 Tienz 19588 DA N N .85 e
3.024 208,37 RFERI 786,34 357,47 L GG (loab 8.B31  G.u0C
9.063  i%.22 -286.38 731,90 KERMA L3 000 s 3.831  C.000C

3.106  1Bc.39 =87 70 7823.99 a38. 10 HVA- S IR .28 3,850 v.J000 .

g.147 178,28 -255.44 7367 335,32 W.e7 000 1064 B.E31 w0000

8.188  les.2L -220.8 783,97 298.92 3.5 .00 10,04 8.831  0.G09
5.243 135,534 -132.82 7835.96 399,50 * 3,09 600 3.4 §.851  {.0000
- g.34! 145,01 -98.35 722002 400,31 ¥8.55  0.00 8.76 8.851  0.0000
e 8.464  132.96 -84.16 7874.60 401.32 - 7.9 .00 €.10 8.831  0.0000
;? 8.628  120.86 -76.13 7895.28 402,35 .14 0.00 7.51 8.831  G.0000
<a 8.792  163.97 -69.82 7911.45 402.66 t.43  0.00 2.23 8.850  0.0000
- 8.936 97.89 -54,30 782717 404,86 .78 0,00 5.93 8,851 3,5000
- senil §7.79 -33.36 B E 405,58 S e 5,32 €.351  L.0000
-, 5,324 75,36 -55.70 7355.89 406,53 <51 .00 4,83 5,850 L6300
{}: 3.529 66.16 -47.05 7375,42 407.41 3.491 v, 00 4,62 £.831  4.0900
:f: 3,773 2.3 -Sv. B Tige.27 $.3.30 PO .37 3,85 et
jt 10,062 4,85 - -35.30 BRI SHER SR 00 =72 g. 85, 00
:t} 10.383 34,48 -27.91 803,55 409,50 et 5000 g 3.:il 0ot
16,753 .48 -luile gul..eb dlobl AR AL 50 2,358 RV

g Ll N -l Bile D S IO N P 38 DR v




> P o, % T .

TN
v._\‘.\.\-\-thuuku

4

. P j * oy . :,
A P AN N P s 1 e  aT RSN,

’
.
i L -
<
| >
h]
-
' »-‘.
' .
! ;. R 18 Peg 1) 0 P P e ) Y
- A AR N D 4 R 3 . v ~ u
fo. o P U R e ) R ] . e e ] uxm A
w - . - - . - - . oy Win LFY GTY Ty WK L VX3 -
' o aitiraria a i o aa ’
¥ 3 €4 0 Cd oo . - o~
e M. P BRI Y B B &Y ICOY B I PR R P R Y B AV I S | £
. f
3% PN ST S s BN B B ERE R IR ¢ TS A L > €0 v P o3 D4 .
> ™ L I = I o T T A T P N LS | > X N RS I 25 <~ Y- I ) ’
- e e & a4 e e & @ o = e = = . « e a e e = .
<> [y P R A ST B B oy B SRS ARETIFRR T Y S BALEL B B ‘ IR B - R
‘m GO 0 3y O £TY QP Uy T g sy U 00 (T Ay s LMD s o e e .
€3 € ™3 O3 3 €3 €3 U8 o3 ) €3 L) LD - ~r “p = & A
.
- 23
K
' D O PP A A o T a0 () W U W0 G AT s Y T N s e
<> €3 L0 P~ 3 B @ [ s D A (D P 0 L) (2 <ot~ f €ry T4 (D D - »
[ €3 €3 vl S8 vl Cd T s e s e 3 €D 3 APy Y (T P WD D ‘
I - - - - - - - - - - - - - - - - - L3 - - - - - .
i -4 =4 ¢ -4 4 va . AR R A *r ve N R O R e € s RIS e l-
L
A " I
- ' Y
w0 R ry. 4 Ty r 4 - W D A0 P U D € e 8T e s 4 U3 ) a3 L0 LY v e IO T Lo et D -
A (X2} 3 - ~ Uy ~F T2 1D =4 D ~4 LA e U TN CT €D UY WO D g LD €3 ~+ /N WO Y »
w3 5 3 . - . - - - - - - - - . - . - - - - - - - - - - - Pd
Q — o D - 0 W3 WD D et~ 13 (D CINe 2D e €4 0D cF Y 1) b 1) T O XD e e
“ a) Oy (T Oy Lty CFY Y I APy a3 RN CTVIy 2D oD K 4. Dl 6Dl 4D 9D O v e »
\m £ €3 03 02 ) (M0 €3 1) 1 0 U2 €03 =~ b ) A b cp P i s T < .
.
~ < v -.
oy s 3 ) ‘.
Q = ’ v .
E E w e 1) N L T P P~ D KD O -2 g T v ed M 0 e (O
U K e € O U W ~ P L WUV vt P e D L N O T D D e DD
e & s e s = = v o e e = & .« = e e = & e w .
N C — e I N L R N 5 B A I At Y v ] «©y Ly 4 CFe £ s N v R O
-3 WY O GO ¢ 1) 4 Y F L) D 0 KO .0 Fe 003 P et =3 0 PO
L (@] = O4 ~F U3 P~ (D €3> ve €4S 5 LD U F~ e 60 75 €4 (D S5 WY D T s
T R P RRY - IRV IEY: BRYS B U A AR S T S DR N S arll AR e B A0 NS RS A BED B &0 BY A TLE AN A CFy Y ¥y Ty Uy
GO O CO (X3 (6 €68 CUVF («X €5) ¢<F OFF €F2 17D oxF €T3 ¢LecCp €3 W4T €O (6} 4Ly (V1 (K3 (18 o3 M o O oo
A & V2
o] = ; 5
'
— O Lis O
LE2 I e %Y — P~ DO WY M W) A e WYl R - BRI T B IR Ny B AR R S TS < B L . ]
R @ a €D e WY TB O MY CF P ) (Dt e ) Uy D N Y e T LR Y JS A AT = i
o. - « = = e« = e ® ® w = & @ - - e + = e e s = e o = =
(o] <9 > t— - R AR R B S 4 ) b~ sf ery A O3 LD Y O U U
o> T P © T4 CF N ) e 18D D v e d 24 YRS B B S T LR RN I S B U I 2 B
[l - — WI U WD HS LI LY LY VDO D 0 C Fom Feo P~ Fow = MQ MO (O 0O W 0D
€3} T - I~ WO WO L0 I O W)Y L D O U WO O L 0 W) A D D WD O O
L =
1 ) >
m| & o
[ jm ] OV <~ UV ‘3 2 o P D 13 Cd P~ £y 3 P rn s v D 1D a0 D (@ Pe O O 4
D . I T o R R R e I T IR N S A Lo B S B IR R I A B ) M~ UY Cd Fn e e= O M~ W
(o] e - T T i e e o+ a e e s e
e €O +~ (-3 43 <1y 6 €73+ <F £ QA 13 T ) RF 0T P D 4 T IR R R SRR S B Y - I ae ]
D e Fe SE I8 CA LYY (D S ) e e €O Py O 22 LD UY 1O O WD ) i
£l €3 =+ A1 ) 22 Cd L2 1w 0 s Oy P i) A 0 - e ) r~ QY e ) Cd .
L - wg () CF €3 €Y W L4 C4 A O 8 Ol s e 8 ade s v
<5 €3 © ~F F- +4 WO ) <3 > D +e <t -+ &4 D WO O
"wi € €A 1 3 = =y s U uT L0 O IR R I I YR IRY - I BRI G RV ]
wn} . « 2 & w o = = e e = s e + v s o+ s 3 e s 0=
[Ze BN TN S BEe BECE BN v IR BEERS BN &3 RS B £ | T~ 1~ A = WY 4y U WO
'y £ 0D ¢ P Foe T Y X3 cng ew o ad? o3 P 00y AT w3 0 ATy W) (D O O
un s Uy e b TV O O O (N Fe (73 -9 ) WO <+ & WO
P - « e s e = . « ¢ = & ® ®» @« w a ® =
a. el 4O U 8 ) P L T N ST S Y - B T BT S i S ' ]
[ PSR 3 A R IS SRR N IR TP IR S I A R N F s I s - I TR - ) N -
- Y R I O R B o B R S S e R ]
) ) r W) WD T 0O O T oed DY F YUY O T DY v o 0 K2 WO o T WD) OO O
» P e UYL P vt O D T (U D M NIr ak OO U ee O N P~ U3 3 O e
- e BT R IR B O S 2 T - s 2O L SRR A -~ I IR Tol BN o6 BERY SRS B N AT At LY P D I~ ™
I e e e e e e e e e e e e w8 e s m e & = e % = & & s = ®
4 L I R e N N L) S O Tl B YRR RN T Y SRR L S AT L I A
. e va e

Il
i
i
'
!




TABLE 10

SUMMARY OF RESULTS FOR THREE GRAIN DESIGNS
D= 16 IN, L = 40 IN

GRAIN 3

No. of pts.

web, in

Required r (in/sec)
P.F.

Port Area, in?

RR1, in

1,017.
13,702.
7,945.
Iy, lbf-sec 89,780.

tburn r Sec 11.3
total
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PRESSURE-TIME PROFILES FROM "ROCKET"
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X. CONCLUSIONS AND RECOMMENDATIONS

YL A Sy

PAAL
% ¥ S

A. CONCLUSIONS

V“};.",

An interactive computer code for the preliminary design

of solid rocket propellant rocket motors ("SPRMD")} was suc-

‘-' l'

L TR

cessfully developed and its use was demonstrated through a

» 2
N

design example. The code 1incorporated several existing PC

codes and AGARD recommended empirical expressions for losses

--- . .
RoA AT
: .

in aluminized propellant systems.

"t

«F

™ *et”

B. RECOMMENDATIONS

. T

‘. .; -_'fl‘ B

Further modifications to improve the capabilities of the

-

-,
#

code are essential in order to make "SPRMD" a more effective

preliminary design tool.

PR 2

RN

- There is only one grain configuration (radially spoked

]
>
Pt

star grains) incorporated into "SPRMD."

RS

2

It is necessary to add other options for grain design

v
o

Yy

in order to increase the grain design flexibility. One

>y ¥ v !
L
< [

*

possibility would be to incorporate the Grain Design

e
'

K bl 4

and Internal Ballistics (GDB) module of Solid Per-
formance Prediction Code (SPP) (Ref. 3).

"SPRMD" also does not currently incorporate any plot-
ting capabilities. There is definitely a need for this
program to have plotting capabilities for the grain
design results and the thrust and pressure versus

time profiles.

D .-\ "f:"-v\' .'.’\f.‘.-‘f‘f-‘ » .(“J'.’“J' s Yo '-'.\.'_.-' R T . S "’.:"-:"
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'~ - "FLYIT" was not incorporated into the program, although .
E 3
o ~ K '
: "SPRMD" was structured to have flight simulation capa- :
' bilities. It 1is also recommended that "FLYIT" be )
o incorporated intc "SPRMD" as another enhancement. .
. -3
vy - "SPRMD" is a primative type of preliminary solid pro- 3
. pellant rocket motor design code. Further enhance-
o .
o , L. .
[ ments, such as propellant searching, screen editing, .
iy ,
b and increased solution speed for "MICROPEP" and }
N
"ROCKET" would make this code more user friendly. =
y :
o .
N Ii -
.‘. a*
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- 3
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APPENDIX

program SPRMD-
(2222232222222 2222222222222 2R3 22222222 23222 2222 2 2 21 )

*
SOLID PROFZILLANT ROCKET MOTOR DESIGN hd
THIS PROGRAM (SPFRMD) SOLVE THE PRELIMINARY DESIGN PROBLEM*
OF SOLID FROPELLANT ROCKET MOTOR. SUBROUTINES INCLUDES: #
(1) INPUTO: BASIC INPUT FOR DESIGN *
(2) INPUT1: CHEMICAL COMPOSITION INPUT bd
(3) MICROPEP: PERFORME THE PROPELLANT EVALUTION *
(4) PFE: SIZE THE THROAT OF NOZZLE PORT AREA OF GRAIN ETC»
(5) LOSCF: CALCULATE THE THRUST COEFFICIENT *

(6) INPUT2: STAR GRAIN INPUT »

(7) GRAINS: PERFORM THE SPOKED STAR GRAINS DESIGN *
(8) RCKTIN: INPUT THE DATA FOR THRUST AND PRESSURE PRO- #°

FILE CALCULATION »

+*

*

(9) ROCKET: COMPUTED THE THRUST AND PRESSURE PROFILE
T T e e e e e e T y

real favg,tb,l,d,meop,pc,rrqgd,pamb,tamb,h,ld,webrgd,wf,m
common /micrp/ a(l2,12),kr(20),amat(10,12),jat(12),in,is,
1fie(10,6),ie(10,6),alp{12),w27,n,dh(10),rho(10),
2wate(10) ,wl(6),w43,ig,np,vnt(201),wd7,nane, ser,
3floor,itag(100),wing(10)

c integer
character+*10 yes

o222 2222 2222222222222 2222222 22 A2 22222 2 X222 2222222222222 2222}

c *
€ BASIC INPUT FOR MOTOR DESIGN *
[~ »

22X 2 2222222222222 2222222 dX2 22222223 22 2 2R ]
1000 call inputo(favg,tb,l,d,meop,pc,rrqgd,pamb,tamb,h, fmin, tpmax, tpnomn,
*tpmin, pik)
write(*,1) favg
1 format(1lx, 'AVERAGE THRUST, LBF.cssscercesccsssses ',£12.1)
write(*,2)tb
2 format(1lx, 'BURN TIME, SECeseernnosncnecsocnannnen ‘L, 212.2)
write(*,12) fmin
12 format{ix, 'MINIMUM THRUST REQUIRED, LBF...ccc.... ',£12.6)
write(*,3)1
3 format(lx, 'MOTOR LENGTH, INCH....icctaceacsacesss ',£12.2}
write(*,4)d
4 format(lx,*MOTOR DIAMETER, INCH.................. ',£12.2)
write(*,5)meop
5 format(lx, ‘MAXIMUM EXPECTED OPERATING PRESSURE ',£12.1)
write(+*,13) tpmax
13 fOrmat(ixX, 'TPMAX, Fuveeeooeensaonodosssonncrenenss',f12.1)

write(#*,131)tpnom ] 4
131 format(lx,'TPNOM, Fiveeiesscscosssooossasnasssonss ',£12.1)

write(*,132)tpmin
132 format(1lX,'TPMIN, Fevessevracorsnsansncsenncanesss ',£12.,1)

write(*,14)pik

14 format(1lx, 'TEMPERATURE SENSITIVITY, %/F....ccce.. ',£12.3)
write(#*,6)pc
6 format(lx, 'NOMINAL CHAMBER PRESSURE, PSI........ ',f12.1)

write(*,7)rrqd 1
7 format(lx, 'REQUIRED BURNING RATE, IN/SEC......... ',£12.3) 1
write(#,8}h
2 format(lx,'ALTITUDE, Fl..ceceecasscssnssonasssasss ',£12.0)
write(*,9)pamb q

9 format(lx, 'AMBIENT PRESSURE, PSI.uceveecveeacanass',£12.2)

-
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write(*,11)tamb .
11 format(lx, 'AMBIENT TEMPERATURE, Recevesvoossonasss’, £12.1) ok
write(#*,10) v,
10 format(1lx, 'ANY CORRECTION OF BASIC INPUT? Y-YES, N-NO... ') ‘e m
read(*,20)yes NY
20 format (alo) s
. if(yes.eq.'y'.or.yes.eq.'¥') go to 1000 N
. ci**i**iii*‘iﬁ*ti’*Qﬁt***tiﬁfﬁﬂi*ﬁﬁtiQiiﬁﬁ'itﬁﬁt.ii*tﬁﬁﬁttt.
c »
c INPUT THE DATA NEEDED BY MICROPEP hd
c »
c!ﬁi**i*’*i*ti***ﬁ#.*****i*i*****ti**i’.****’*ﬁiﬁﬁ*****.i***i
c

c
1010 call inputl(pc,pamb)

write(*,40)
40 format(lx, 'Are there any corrections of input for micropep?,y-yes

*n-no ')

read(*,20)yes

if(yes.eqg.'Y'.or.yes.eq.'y') go to 1010

c
cﬁ*iit*****ii’h*t*ii**t*i*t*t*****iﬁ**ﬁi**i**i**i*iitt.t*ii*t
(=3 *

c COMPUTE THERMAL EQUILIBRIUM, PROPELLANT CHARACTERISTIC, *

c AND ETC. (USING MICROPEP, UNTILL GOOD RESULTS ARE REACHED)* {,
c * e
Cfiii*iit*‘*\i*t*tt*ii*i*****t*itit*ﬁ*wiﬁ*i***i**i*ﬁiii***ﬁ*ﬁ “;-"
c ,..-._.
call micropep . A
write(*,50) w
50 format (1x, 'Are the results good? Y-yes n-no ') ,
read(*,20)yes o
if{yes.eq.'y'.or.yes.eq.'Y¥') then AR
go to 1020 o
else o
55 write(*,60) N
60 format (1x, '(l) Change the Basic Inputs of motor.') N
write(*,70) N
70 format(lx,'/2) Change the Input data for Micropep.') )
write(*,80) . NS,
80 format (1x, ' type 1, or 2, if 1 is chosen it is necessary') -:}
write(*,90) : N
90 format(1x,"' that Micropep shall be run once again!ll!') o
read(*,100)1 - o
100 format(il) P
if(i.ne.l.and.i.ne.2) then 2 Pa
write(w,*)!' Error input!! 1, or 2 must be typed' ®
go to 55 Y-
el-a .
if(i.eq.1) go to 1000 e
if(l.eq.2) go to 1010 W
endif -
endif N
cﬁtihﬁhti*Qiﬁi*ﬁ***itﬁ********t**ti**#**i**i**i**‘***ﬁ*ﬁ*iﬁ* S .
c * [
¢ CALCULATE THE LOSS PERFORMANCE & COMPUTE THE DATA FOR * ;{:
c GRAIN DESIGN * -{:
c > NS
ctﬁt*i’i**ﬁii*i**t*#i**ti*******t***ﬁ***i**t****ﬁ*#*ﬁti***ti ."::-
-.\I‘
i~
®
>
\
>
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c
1020 call pfe(favg,tb,l,d,pc,cfc,ath,etact,m,vp,vl,dpe,aport,
*pfac,isp,cfth,webrqgd,ws,tc,rrqd, ae,etac, xx)
write(*,50)
read(%,20)yes
if(yes.eq.'y'.or.yes.eq.'Y') then
go to 1030
else .
75 write(*,60)
write(»,70)
write(*,71)
7% format(lx, '(3) Change nozzle data.')
write(*,72) .
72 format(1lx,"* type 1, 2, or 3 ')
read(*,100)1
if(i.1t.1.and.i.gt.3) then .
write(*,*) 'Error input!! 1, 2 or 3 must be typed!
go to 75
else
if(i.eq.1) go to 1000
if(i.eq.2) go to 1010
if(i.eq.3) go to 1020
endif
endif
CRRRRA AR B RN AAR AN R AR IR AR AR AR AR ARk hd b dd e hd
c
¢ CHOOSE THE APPROPRIATE GRAIN DESIGN *
¢ NOTE: OPTION 2, 3, 4, 5, 6, 7 ARE NOT AVAILABLE. INPUT *
¢ YOUR OWN DESIGN BY SUBSTITUTE THE WRITE AND GOTO STATE- *
¢ MENTS IN THE CORRESPONDING BLOCK *
(o] *
CHRAN AR R R AR RN A AR TR R AR R A AR N R R AN NN R AR AR R RAR R R AR R RN A R R R R
1030 write(*,110)
110 format(1x, 'Choose cne of the following grain configurations')
write(*,120)
120 format(1ix, ' (1) Star grain')
write(*,130)
130 format(1x, ' (2) Optional grain ')
write(%,140)
140 format(lx,'(3) Optional grain ') Co
- write(*,150) . ’
150 format(1ix, '(4) Optional grain ')
write(*,160) ..
170 format(1lx,'(5) Optional grain *) ~
write(*,170) 1 :
170 format(1lx,'(6) Optional grain })
write(*,180)
180 format(lx,'(7) Optional grain ')
write(#%,190)
190 format(ix,'Type 1, 2, 3, .....etc.')
read(w,»){i
if(i.lt.l.or.i.9t.7) then
write(*,200)

S

N

204

200 format(1lx, ‘Error input!! must type 1, 2, 3,.....,7")
. go to 1030
o else
e ) if(i.eq.1) then
N rre=d/2.0
s write(#*,*) 'Run "DESIGN MODE" !

1050 call input2(pfac,aport,webrgd,rrs,l,tb,xx)

LA

. [}
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call grains
write(*,*) 'Arae the results are acceptable? y-acceptable n-not

*acceptable type y or n..'

read(*,20)yes
if(yes.eq.'n'.or.yes.eq.'N') then
go to 1050
elsa
go to 1055
endif
rr5=3/2.0
write(#,*) 'Run the "BURNBACK MODE" to get web vs. burning area‘'
call input2(pfac,aport,webrqd,rrs,l,tb,xx)
call grains
write(*,») 'Are the results are acceptable? y-acceptable n-not

*acceptable type y or n..'

read(*,20)yes
if(yes.eq.'n'.or.yes.eq.'N') then
write(#,*)'Do you want to t.y anot..er star grain? y/n '
read(*,20)yes
if(yes.eq.'n'.or.yes.eq.'N') then
go to 1030
elsa
go to 1050
endif
else
go to 1060
endif

else

if(l.eq.2) then
write(*,280) .
format (1x, 'Input your own grain design package')
go to 1030
else
if(i.eq.3) then
write(*,290)
format (1x, 'Input your own grain design package')
go to 1030
else
if(i.eqg.4) then
write(*,300) .
format(1x,'Input your own grain design package')
goto 1030 . i
else -
if(i.eg.5) then
write(®,310) .
format (1x, 'Input your'own grain design package')
go to 1030 .
else ' :
if(i.eq.6) then
write(*,320)
format (1x, 'Input your own grain design package')
go to 1030
else
if(l.eq.7) then
write(*,330)
format(1x, 'Input your own grain design package')
go to 1030 . -
endif
endif
endif
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endif
endif
endif

endif -

endif
c
c*t*ﬁ***i***i**i****iii*******tt*i#i**it**iti***ﬁi*titi***ii

c . *
c INPUT THE DATA FOR THRUST & PRESSURE VERSUS TIME PROFILE*
c CALCULATION
c *
CRERRRXARRANEAARAR RN AN ERANNPRA AN AR AR AR kAR bk hkhh A d

1060 write(*,*)'The following processes is to calculate the “THRUST VS.

* TIME" and "PRESSURE VS. TIMEY" profiles' ’
va=(d/2.0)%*2,0%3,.14159*]
rrqd=webrqd/tb
write(*,106)rrgd
106 format(1lx, 'Reqguired burning rate for new web, IN/SEC.. ', £6.4)
1070 call rcktin(ath,ae,va, tamb,pamb pc,etact, rrqd pik, etac)
write(#*,*) *Any chanqe for the input? y-yes, n-no
read(*,20)yes
if(yes.eq.'y'.or.yes.eq.'¥') then

go to 1070
else
go to 1080
endif
c
3222 L X222 2SR 222 2 22222 2 2222222232222 22 2 222 2]
c *
¢ COMPUTE THE PRESSURE VS. TIME & THRUST VS.TIME PROFILE *
¢ OF ROCKET MOTOR *
(o4 *

CRERREXRNNRRAREANRRRAARARARANRAR AR AR bR AR AR RN A bR A Rk hdkdk

c
1080 call rocket

c
write(*,340)

340 format(1x, 'Are the results acceptable? y-yse, n-nd......')
read(*,20)yes
if(yes.eq.'y'.or.yes.eq.'¥')then

go to 9999
endif
write(*,350) *

350 format(1x, 'Do you want to proceed? y~yes, N=NO..csesvsss')
read(*,20)yes .
if(yes.eq.'N'.or.yes.eq.'n') then

write(*,*) 'Terminated on the request of user ‘*
go to 9999
endif

1040 write(*,360)

360 format (1x, 'Suggest to change the following data')
write(*,380)

380 format(1x,'(1l) Change the Grain Design.?!)
write(*,390)

390 format(1lx,'(2) Change the Ingredients of the propellant.')
write(*,400)

400 format(1x,'(3) Change the Basic Design Requirements.')
write(*,*)'(4) Re-run the "ROCKET"'
write(*,*)' Type 1, 2 or 3 for selection'
read(*,100)4
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if(i.ne.1.and.i.ne.2.and.i.ne.3) then 3
write(*,*)' Error input you have to type 1, 2 or 3' w~
: go to 1040
else al
if(i.eq.1) then 2
go to 1030 ;
else N
if(i.eqg.2) then o
go to 1010 )
else A
if£(i.eq.3) then LS
go to 1000 ’ L.
else f
if(i.eqg.4) go to 1070
endif
endif
endifr
endif r
ct*iﬁ***.*t***!**ﬁiiﬁii**t*ﬁ*t*ﬁ*i****tiﬁiiii****ti*i*ti*itﬁ »
c * .
c INPUT THE TRAJECTORY DATA (FUTURE WORK) * s
c * ’
ctit*i**i***i****i*it**i************iiiﬁi*i*t*ﬁttiﬁihiiiﬁi** :_
c -
c call flyin N
e .
c***t**iﬁ*ii***iii*i**i*tti*ﬁtti*t*ii*tiﬁitﬁi*fittt&iiﬁt*iﬁ' :
c " .
¢ CALCULATE THE TRAJECTORY OF ROCKET MOTOR (FUTURE WORK) » ;
c b L
C*tﬁ**i***i*****i*i*ii*Qi*****ﬁ**iii*ii*ﬁﬁ***t**t**iﬁ*itﬁ*ti ﬁf‘
c o
e call flyit i
9999 end o
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APPENDIX

subroutine Inputo(favg,tb,l,d,neop,pc,r,pamb,tamb,h,fmin, tpmax,
*tpnom, tprin, pik)
3 2 A2 2222222 222222222222 2222 22 2202222222322 222 22 22t Rl d)

[ *
c THIS SUBROUTINE IS FUNCTION AS A BASIC INPUT FOR SOLID *
¢ PROPELLANT ROCKET MOTOR DESIGN ] *
c . *
CRRARARRAARAANAARN DA AR R A AR AN N R A AA RN RN AARN AR AR RSN A N AR RN RR
c
c variable definition:
o] whkkakand (ballistic performance) #aw*aendn
c favg : average thrust (Fl12.6)
c tb : burning time of motor (F12.6)
c fnin : minimum thrust (Fl12.6) ’
c RRAANRAAR (migsicn/vehicle) (2222222222227 ]
c 1 : motor length (Fl12.6)
c d : motor diameter (Fl12.6)
c meop : maximum expeted operating pressure (F12.6)
c va : motor volume avaiable for propellant (Fl2.6)
c tpmax, tpnom, tpmin
c pmaxtp : meop * (l~-reproducibility tolerance) (F12.6)
c pc : norminal chamber pressure (Fl12.6)
c rptol : reproducibility tolerance (F12.6)
c r ! burning rate (Fl12.6) -
c web : web of grain (Fl12.6)
c pik ¢ temperature sensitivity of propellant(Fl2.6)
c h : altitude(Fl2.6)

real favg,tb,fmin,l,d,meop,va,dltp,pmaxtp,pc,rptol,r,web,h
c open a file which can hold the basic input data

open(2,file='inputo.dat',access='sequential',status='unknown’')
c input basic data
write(*,*) 'All input data in decimal format'®
write(#,*) 'Specify the average thrust, LBF...eccc. !
read (*,10)favg
10 format(£12.6)
write(2,10) favg
write(*,*) 'Input burning time of motor, SEC....... !
read(#*,10)tb
write(2,10)tb
write(*,#) 'Input minimum thrust required, LB...... '
read(+*,10) fnin .
write(*,*) 'Input motor length, INCHES.....eoeeesees !
read(+,10)1 .
write(2,10)1 i
write(*,*) 'Input motor diameter, INCHES....seceves ' y
read(+,10)d ) 3 :
write(2,10)d ]
write(*,*) 'Input maximum expected:'
write(*,*)'operating pressure, PSI....cccveerocoae !
read(*,10)meop .
write(2,10)necp

v

RN |

v,
'-',f'_ Ll AR
PO W WSy

write(*,*)'Input TpmaxX, F..c.oeecoeocssscsanorecas ! o
«  read(*,10)tpmax i
write(2,10)tpmax -
write(*,*)'Input Tpnom, F....eeesvseccssssosoneaes ! )
read(*,10) tpnon xp
write(2,10)tpnonm e
write(#,*)'Input Tpmin, F...ceverveenncscnnncsnsas ! e
read(*,10)tpmin ;f
write(2,10)tpmin ~7
Ax:l

}
s
75 N
N
o
\

. .-
WA

I'd
1]
N
o
N,
Y
N
|‘
P

S L P S Nty A e NN NN N e e e ) LT e e e
PRI I g T A N N G, AN R Tt Sl L WY




20,

waaao

40

T R, W Y e e Y TR A S VAT AT AT TR

APPENDIX

write(2,10)dltp

write(#*,*) '*Input reproducibility tolerance, %..... '
read(*,10)rptol

write(2,10)rptol

rptol=rptol/100.0

praxtp=meop*{l.0~-rptol)

rptol=rptol*100.0

r=(d/4)/tb

write(*,20)r

write(2,10)r

format(1x, 'Estimated repuired burn rat@....cceeee.. ',£12.3,
*' INCH/SEC')

write(*,30) )

The following calculation of ambient temperature and prbkssure at
certain altitude is directly copied from NWC Technical Memorandum
4757 subroutine atmstd based on U.S Standard Atmosphere,. 1976.

*T
t')

read(*,10)h

write(2,10)h
if(h-36152.)1,1,2

tamb=518.67-0.003559969*h

ro=0.00237696%exp(~(0. 028800339*(h* 001)+0.000132317*(h*.001) **2))
go to 7

i£(h-65825.)3,3,4

tamb=389.97

ro=0.00237696%0.29697*exp(~0.04771923*(h=-36152.)*.001)

go to 7

if(h~105511.)5,5,6

tamb=354.142+0.0005442926*h
ro=0.00237696*0,.0718594*exp(~(0.049130937*(h-64825.)*.001
&~=0.000034655*( (h=65825,)*.001) *#*2))

go to 7

tamb=251.4114+4+0.00151794*h
ro=0,.00237696%0.0107993*%exp(~(h~105511.)/21320.)
pamb=11,9203*ro*tamb

write(2,10)pamb

write(2,10)tamb

end of calculation of tempressure and temperature at design alt.

write(*,6») 'Based on available requirements, make an initial'
write(w, *)'selection of propellant. Then 'input the temperature’
write(*,#*)'sensitivity of the propellant, L 72 S
read(*,40)pik

write(2,40)plk . by
fcrmat (£12.6) 4
pik=pik/100.0 '

pec=pmaxtp*exp (plk#*(tpnom-tpmax))
pPik=pik#100.0

write(2,10)pc
close(2,status='keep')

return
end

76
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format(1x, 'Input the required design altitude of rocket motor in P
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subroutine inputl(pc,panb)
1222232222222 2222222222 2222222222222 22 2222 22222222223 F22 3 3
c
¢ THE PRIMARY PURPOSE OF THIS SUBRQUTINE IS TO ESTABLISH
¢ The DATA FILE WHICH CAN BE ACCESSED BY MICROPEP SUB-
c TINE
c .
(3222222222222 22222 222X X222 222 22222 22 22 2222 222 2 222 2 22 222
c

*
*
w
*
*
*

common /micrp/ a(l2,12),Xxr(20),amat(1l0,12),Jjat(12),4in,is,fie(10,6)
1,ie(10,6),alp(12),w27,n,dh(10),rho(10),wate(10),wl(6),w4s3,ig,np,
2vnt (201) ,w47,name,ser, floor,itag(100),wing(10)
common/chara/block,je,aspec,specie
character*8 specie(200)

character+30 block(10),ofile

character*2 je(10,6),aspec(l2)
common/moon/tstest,te,irun, iounit, iend
character*30 blok(1l0)

character=*10 user

dimension jie(10,6)

integer nic,niuy,irun,alt,kr

real denexp

c open the file as formatted sequential as unit 3
open(3,file='input.dat',access='sequential’,status='unknown')
¢ input the case name from the keyboard
write(%,*)' Start to input the selected propellant data '
write(* k)0
writa(®,l)
1l format(lx,'Specify the case name (format Al0)...... ')
read(*,'(a)')user
write{3,10)user
: 10 format(lalo)
X irun=2
¢ input the number of ingredients, supplied ingredients, and runs
write(*,*) 'Input the number of ingredients? (format I5)....°'
read(*,*)nic
write(*,*)'Input the number of user suppplied ingredients (I5)...'
read(*, *)niu
write(3,25)nic,niu, irun
20 format (2i5)
25 format (245} :
¢ Input density exponent which is used in conjunction with control
c option 3.
write {*,#*)'Input the density exponent.'
write(#*,*)'For tactical missiles or first stages use 1.0’
write(#*,*)'Use 0.7 for second stages and 0.2 for third stages'
write(#,*)'(format F1l0.0)eeveveoconesnrocess !
read(*,40)denexp
write(3,40)denexp
0 format (£10.5)

5y e ap
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e
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v

input control option store it in kr(20)
print out the options on the screen
writa(#*,'(a)') 'There are five options listed below for your'
write(#*,*) 'gelection. Type 1, 2, 3, 4, S5-=-=!
write(#*,*)'Normal input for design is 3'

QaaaQe

e
!‘l.l k

1’
write(»,'(a)')" 1. For chamber and exit calculations.'
write(+*,'(a)*')*® 2. For chamber only calulations.' A
write(#*,'(a)')" 3. For boost performance and nozzle design.' P,
-3
w
o
(‘*
n'\
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APPENDIX

write(*,'(a)')' 4. For equilibrium calculations at specified T
write(*,*(a)")* and P. Use T in Kelvin at Pe location and P!
write(w»,'(a)')! in psia at the normal Pc location.'
write(»,'(a)')’ 5. Other options { Check README for special!'
write(*,'(a)")! alternatives).!
write(#*,*)'Use format Il '
read(*,45)alt
format (1il)
if (alt.lt.S) then
kr(2) =0
kr(4) = 0
Xr(5) = 0
Xr(6) = 0
Xr(s) = 0
if (alt.eg.l) then
kr(l) = 0
Kr(3) =0
kr(7) = 0
else
iz (alt.eg.2) then
kr(l) =1
kr(3) = o
kr(7) = 0
else
if (alt.eg.3) then
kr(l) = 0
kr(3) = 1
kr(7) = 0
else
kr(l) =0
kr(3) =0
kr(7) = 1
endit
endif
endif
write(3,50) (kxr(i),1
format(8il)
else
write(*,'(a)')' Input your regquirements for calculation-=-'
read(*,60) (kr(i),i = 1,15)
write(3,60) (kr(i),i = 1,18)
format (15i1l)

1,8)

endif ! -

input the serial number of ingredients found in JANNAF.DAT table

write(*,70) nic . *
format(1x, 'Input ',1i2,' ingredignts needed for calculation’)
do 100 i = 1,nic .
write(*,80)1
format(1lx, 'Serial # of number ',1i5,' ingredient(IS)... ')
read(*,90)itag(i)
format(is)
continue
write (3,120)(itag(i), 1 = 1,nic)
format(101i5)

.

Input user supplied ingredients

if (niu.gt.0) then

do 170 { = 1,niu
write(#*,'(a) ') 'Specify ingredient name use caps lock (A30) '
read(#*,130)blok(1)
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130
140

160
170

172
175
180
190

210

220

*.0)

continue

APPENDIX

write(*,'(a)')'Specify composition of lngredient max = 6'

write(*,'(a)')' use (6(I3,A2))°*

write(*,'(a) ') ##dsvidirngiiingpirngpindggpan

read(*,140) (jie(i,1l),Jje(i,1),1=1,6)

write(*,'(a)')' Specify heat of formation, and density (£5.0,f6
Y :

read(*,150)dh({i),rho (i)

write(3,160)blok(1), (jie(i,1),je(i,1),1=1,6),dn(1),xho(i)
format(a3o)

format (6(i3,a2))

format (£5.0,£6.0)

format(a30,6(i3,a2),£5.0,£6.0)

else

write (*,'(a)')' No user supplied ingredients '

endif

it

(irun.lt.2) then
irun = 2

endif
status=0

do

220 L = },irun

if(status.eq.0) then

wl(5)=250

write (*,'(a)')' Specify the desired chamber pressure (Fl2.4) '
read (*,180)wl(5)

wl(6)=pamb

. write (*,'(a)')' Specify the exhaust pressure (Fl12.4)°'

read (*,190)wl(6)

ni=nic+niu

do 175 4 =1,ni

write(», 172)itaq(j)

format(1x, 'Input the weight % of ingredient' i5,'(F10.4)...")
read(*,190)wing(j)

continue

format (£10.4)

format (£10.4)

write(3,210)wl(5),wl(6), (wing(j),j=1,10)
format (12£10.4)

status=1

else

wl(S)=pc

write(3,210)wl(S), wl(e),(winq(j) j-l 10)

endif-

con
clo
ret
end

tinue
se(3) : }
urn
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APPENDIX h

subroutine pfe(favg,tb,l,d,pc,cfc,ath,etact,n,vp,vl,dpe,aport, )
+pfac, isp,cfth,webrqgd,wf,tc,r,ae,etac, xx) o
ERARRARARA N AR R RARNANNRAARRAARAANARRANA RN ARA RN RARRANAAARRANN NN AN F\
c * A
¢ THE MAIN PURPOSE OF THIS SUBROUTINE IS TO CALCULATE THE # a
¢ PERFORMANCE 1LOSS AND THE DATA FOR GRAIN DESIGN *
c -

' (o3 2222222222223 22222222 222222222222 22223222 22222322 222 22 2
c variable definitions:

c favg: Average thrust from basic input

c cfth: thrust coefficient from micropep
c cfc : corrected cf

c pc : chamber pressure from basic input
c d : motor diameter from basic input ’
c 1 : motor length from basic input

c athth: theoretical throat area

c ath throat area

c atht : tempory result of throat

c dthth: theoretical throat diameter

c etact: thrust coefficient efficiency

c dif for convergence test of throat size
c va H vol avaiable for propellant

c tb : burn time

c vp : propellant vol.

c vl : volumetric loading factor

c aport: port area

c dpe equivalent circular port diameter
c pwet : wetted perimeter

c b : throat-to-port area ratio

c rhop : propellant mass density

c nw : molecular weight of propellant

c mf H mole fraction of condensed phase
c webrgd: required web

c wt : web fraction

c pfac : perimeter factor

c character*80 fname

c

real favg,cfth,cfc,pc,d,l,athth,ath,dthth,etacf,dif,tb,vp,vl,va,j,
+aport,dpe,rhop,a,nn, rstd, rpc,web,webrgd,wf,m,pwet,pfac, isp, ispm, at
+ht,nw, tc, ispth,1d,nf
character*l yes
¢ The purpose of this commpn instruction is to transfer w43(propellant
¢ density) from MICROPEP: SUBROUTINE PUTIN(LE)
commgn /micrp/ a(l12,12),kr(20),amat(10,12),jat(12),in,is,
1fie(10,6),ie(10,6),alp(12),w27,n,dh(10),rho(10),

Gy At

r

401

4
L v ]

2wate(10) ,wl(6) ,w43,1iqg,np, vnt(201) w47 ,name, ser bg
3,floor, itag(loo) wing(lO) o
C The purpose of this common 1nstruction is to transfer the CHAMBER PRE- »
C SSURE & MOLECULAR WEIGHT from MICROPEP SUBROUTINE OUT. .
common /tcf/ tfc rmwtc e
¢ Transfer SPECIFIC IMPULSE, CHARACTERISTISC VEL., CODFF. OF THRUST & ;t
C OPTIMUN EXPANSION RATIO from MICROPEP SUBROUTIN DESING. Ni
common /socf/ spi(2),cf(2),cex(2) Ny
c calculate the theoretical throat area N
. pi=3.14159 S
c transfer cfth from "MICROPEP" L
cfth=cf£(2) oW, A
c initialize cfc i
cfe=cfth S
athth=favg/(cfth#*pc) :}
f‘
-
L

80




APPENDIX

Ay

¢ initialize ath=athth
ath=athth
¢ calculate theoretical throat diameter
dthth=sqrt(ath/pi) *2
write(*,888)cfth,athth,dthth
888 format(lx,'Cfth=',£5,3,' Athth=',f6.3,' Dththe!,6£5.3)
¢ calculate the etact
write(#*,#*)'Input the nozzle half angle' . .
write(#,*)'alpha, DEGREES (FS5.2)cceescvecosssssas '
read(*,*)alpha
pi=3.14159
alpha=(alpha/180.0) *pi
write(*,*)'Input the nozzle exit half angle'’
write(*,*) 'thetaex, DEGREES (F5.2)ceccecsscascscs '
read(*, *)thetaex
thetaex=(thetaex/180 0)*pi
write(*,*)'Input radial erosion rate of the throat in IN/SEC'
write(*,*)'assumed to s.art at time zero (FORMAT O0.XXXX)....'
read (*, *)erosr
write(*,*)'Input the mole fraction of condensed’
write(*,*' 'phase in (MOLE/100 G)eveeseccvocvocsesns !
read(*, *)nf
write(*,*) 'Input the material of nozzle:'
write(*,*)'l-steel nozzle, O-ordinary nozzle..... !
read (*,*)nozle
atht=ath
do 9 i=1,50
C calculate the loss mechanism
call loscf(etacft;tb,ath,pc,alpha,thetaex,erosr,nf,nozle)
¢ correct the trust coefficient
cfc=cftheetacr
¢ calculate the corrected throat area
ath=favg/(cfc*pc)
write(*,8888)etacf,cfc,ath
8888 format(lx,'Etacf=',£12.3,' Cfec=',f£12.3,' Ath=',£12.3)
¢ calculate the convergence athth and ath
dif=abs((atht-ath)/atht)*100.0
if (dif.gt.1.0) then
atht=ath
else
go to 91
endif
continue
va=pi*(d/2) ®*2%1
etac=0.93
vol=pi*(d/4)%*2*]
¢ Lensity and molecular weight com frou YMICROPEP"
rhop=w43 . .
nw=rr.wtc
te=tfc
ispth=spi(2)
write(*,98)rhop,mw, tc,ispth
98 format(' Rhop=',f12.3,' MWw=',6£12.3,' Tc=',6f12.1,' Ispth=',6f1l2.2
*)
29 isp=ispth*etacf*etac
. m=favg/isp
vp=favg*tb/ (isp*rhop)
vli=vp/va
write(*,87)VP,VA,VL
format(' VP=',6Fl2.1,' VA=',6Fl2.1,' VL=',6F12.3)
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APPENDIX

dpe=sgrt(l.0-vl)+*d
aport=(pi/4) *da*2%(1-vl)
tres=(aport*l) *pcrmw/ (m*12*1545* (£tCc+459.6))
tres=tres+*1000.0
write(*,88)tres
88 format (' RESIDENCE TIME IN MSEC:. cesvrescsscessesoes ',£12.3)
write(*,89)etac
39 format (' COMBUSTION EFFICIENCY (€tacC).vcsveesases ',£12.3)
write(*,#*) 'Change etac? y-yeg, N=NO..ccesevsvsnocss '
read(*,20)yes
if(yes.ge.'y'.or.yes.eq.'Y') then
Wwrite(* ,#)'INput @LAC. v s eesessosassccannansannns !
read(#*,30)etac
vol=aport*l ¢
go to 99
endif
¢ calculate the nozzle exit area
ae=ath*oex(2)
¢ calculate the required pcrimeter factor
write(*,19)pc
19 format(lx, 'Input the C* with Pcnom=',6£10.1,' (Fl10.4)..... ')
read(*,*)cstar
xx={pc*ath#*32.17)/(cstar*rhop*l1*3.14159*dpe)
18 wrlte(* *)'Innut the estimated required web (INCH'S) (F10.4)"
rite(*,*)'suggest initial gquess D/4..ccevcen
! read(* *)webrqgd
r=webrgd/tb

< s vy 7 3 v ¥ x WSS > - 7

pfac=xx/r
write(*,21)r

21 format(1x, 'The required burn rate =',£6.4)
write(*,22)pfac

22 format(1x, 'The required perimeter factor=',£6.3)

write(*,25)xx
25 format (1x, 'pfac=',£5.4,'/r')
write(#*,24)th
24 format (1x, 'tb =',£7.2)
write(*,*)'aAre these acceptable? y-yes n-no....... '
read(*,20)yes
if(yes.ge.'y'.or.yes.eq.'Y') then
pwet=pfac*pi*dpe
wif=webrqgd/ (d/2)
j=ath/aport .
1d=1/d .
go to 23
else '
go to 18 3
endif ]
20 format(al)
3G format(£12.6)
23 write(*,40)cfc
40 format(1x, 'THRUST COEFFICIENT .. vveevrrannsenasass' F12.3)
write(*,50)etact
50 formMAt (1K, 'ETAC i it i iensnsasnsssnsnsssssnnsssssss! , F12.3)
write(*,60)isp
60 format(1lx, 'SPECIFIC IMPULSE, LBF SEC/LBM.........',£12.3)
) write(*,70)m
70 format(1lx, 'MASS FLOW RATE, LBM/SEC.eecrnnneneas!, £12.3)
write(*,80)Vvp
80 tormat (1x, 'PROPELLANT VOLUME, CJ IN. e ieneaarsas ', f12.1)
write(*,100)ath
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APPENDIX

100 format (1x, '"NO2ZLE THROAT AREA, SQ IN...eveenevaeaa',f12.3)
write(*,105)ae

105 format (1x, 'NOZZLE EXIT AREA, SQ IN.ivvesconsaesas',£12.3)
write(*,110)dpe

110 format (1x, 'EQUIVALENT PORT DIAMETER, IN.i..veooses.',£12.3)
write(*,120)aport

120 format(1x, '"PORT AREA, SQ IN tcevesessncvonscnasses', f12.3)
write(*,130)pfac

130 format (1x, '"PERIMETER FACTOR: ¢ ceteseosvencossccassss',£12.3)

. write(*,140)webrqd

140 format(lx, 'REQUIKED WEB, IN.se:vevsscnoennnssassas’, £12.3)

. write(*,150)wf .

150 format(lx, 'REQUIRED WEB FRACTION..:veeseesaacsnaaa', £12,3)
write(*,90)vl

90 format (1x, 'VOLUMETRIC LOADING...cvcnevencscesenaas', £12.3)
write(*,190)1d

190 format(1x, 'LENGTH TO DIAMETER RATIO..ieecescessses',£22.3)
write(*,170)tres

170 format (1x, *RESIDENCE TIME, MSEC.:vcessesssoscossaes',f12.3)
write(*,180))

180 format (1x, 'THROAT TO PORT AREA RATIO (J FACTOR)...',f12.3)
write(*,200)r

200 format (1lx, 'REQUIRED BURNING RATE, IN/SEC.eeveo..',£12.3)
return
end
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APPENDIX

subroutine loscf(etacf,tb,ath,pc,alpha,thetaex,erosr,
+nf nozle)

CRARLARRRRXRRRRRRRRRARNRARAARRNARRAAR AR IR R IR AR AR R d R d
c *
C THIS SUBROUTINE CALCULATE THE NOZZLE LOSS COEFFICIENT *
¢ (THRUST COEFFICIENT) USING THE METHODS PROPOSED BY AGARD #
, < PROPULSION AND ENERGETICS PANEL FOR METALLIZED PRO- *
i ¢ PELLANTS (Reference: Performance of Rocket with Metal- #
’ c lized propellants, AGARD-AR-230) *
! c *
! CRRRRARRARN AR RN SRR AR RRNARRARRAC AR AN R RARN AR AR NN AR h bk d
i c Defination of varibles in this subroutine
i etacf: nozzla loss coefficient
f
t

div percent divergence loss ’
! kin percent kinetics loss
. bl H percent boundary layer loss
tp H percent two-phase loss
: sub persent submergence loss
‘ eros : percent rozzle erosion loss
astar: nozzle entrance/ nozzle throat area
s : submergence length/ length of internal motor
mf : mole fraction of condensed phase in mole/lG0grm
cl,c2,c3,c4,c6 ¢

constant in emperical relation

dp : diameter of particle

pc : chamber pressure

ispf : Isp of frozen equilibrium

isps : Isp of shifting equilibrium

nozle: steel nozzle = 1, ordinary nozzle = 0

tb : burning time of motor

dt : throat diameter

expn : nozzle expansion ratio

ispi : Isp with ideal (at design point) nozzle expansion ratio
ispm : Isp with mean nozzle expansion ratio

N0aNQAQQAAa0Q00000000000000

integer expnu,expnl
real etacf,div,kin,bl,tp,sub,eros,astar,s,nf,dp,pc,isps,ispm,ispf,
+dt, ispu, ispl,erosr
common /scratc/ plot(5,100)
common /socf/ spi(2),cf(2),0ex(2)
¢ calculate the % of nozzle divergence loss
div = 50 * { 1 - cos ((alpha + thetaex) / 2 ))
c ispf is the frozen and isps is the shifting specific impulse from
c micropep run ‘at nominal pc
c Transfer specific impulse data from MICRQPEP.’
ispf=spi(1) . i M
isps=spi(2) .
¢ Calculate-the kinetic loss
kin = 33.3 * (1 - ispf/isps)
¢ calculate % boundary layer loss
c Steel nozzle (1), Ordinary nozzle (0). Enter 0 or
if (nozle.eq.l) then
cl = 0.00506
c2 = 0.0
else
cl = 0.00365
c2 = 0.0009137
endif
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APPENDIX

c expansion ratio of the nozzle for shifting equilibrium from
c nicropep with exit pressure=ambient pressure at design altitude
c read (*,70)expn
expn=oex(2)
N . pi=3.14159
dt-sqrt(ath/pi)*z
bl =(cCl*pc**0.8/ (AL*0.2)) *(1l+2%exp(~-C2*pCc**0.B*tb/ (dt*0.2)))*(1+0.
$016*(expn=-9.0))
¢ calculate the two-phase flow loss
c the mole fraction of condensed phase is come from "MICROPEP"
¢ mean particle diameter calculation by using empirical relation
dp = 3,39%3tw**0,4692
i if (m£.1t.0.09) then '
; mf = 0.09 '
| endif
if(dt.1t.1.0) then
c3=9.0
c5=1.0
c6=1.0
else
if(dt.le.2) then
c3=9.0
c5=1,0
c6=0.8 -
else
if(dp.lt.4) then
ci=13.4
c5=0,.8
c6=0.8
else
if(dp.le.8) then
c3=10.2
c5=0.8
c6=0,4

else :
c3=7.58
c5=0.8
c6=0.33
endif
endif
endif
endif
c4=0.5 ’
tp=c3*mfr**cirdp**c5/ (pCr*0,15%eXpn**0.08*dt*#cE)
¢ calculate the submergence loss(NOT USED IN PRELIMINARY WORK (!)
c the nozzle is assumed to be of external design with no submergence
C loss. s=length of submergence / length* oflnternal motor.
c astar=(pi*d#»*2/4)/ath
Sub=0.0684* (pC*expn/astar) ##0,8*s**0, 4/dt**0,2
default to 0.0
sub=0.0 :
c calculate the nozzle erosion loss
¢ calculate the ispm (specific impulse at mean expansion ratio)
df=dt+erosrr*tb»2 }
dbar=(dt+df)/2 N
expnm=(dt**2/dbar+**2) *expn
expnl=int (expnm)
¢ Transfer expansion ratio of nozzle and specific impulse from MICROPEP,
ispl=plot(4,expnl)
expnu=int (expnm)+1
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APPENDIX

ispu=plot (4, expnu)
ispm=(expnm~expnl)/(expnu-expnl) * (ispu-ispl)+ispl

.c erosion loss calculation

100
110
120
130
140
150

160

- v TR I T P N o 2 G
Y R TR e A T TN

eros=(l-ispm/isps)*100
write(*,100)div

format (1x, 'PERCENT DIVERGENCE LOSS..ccseesscssceascses ',£6.3)

write(*,110)tp

format (1x, *PERCENT TWO PHASE FLOW LOSS..ceccevseeress ',£6.3)

write(*,120)bl

format (1x, 'PERCENT BOUNDARY LAYER IO0SS.....cev000ss0a. ',£6.3)

write(*,130)kin

format (1x, 'PERCENT KINETIC LOSS.cccscesssnocnsscasrss ',£6.3)

write(*,140)sub

format (1x, 'PERCENT SUBMERGENCE LOSSicssccerescascnase ',£6.3)

write(%,150)eros

format (1x, 'PERCENT EROSION LOSS.:ceescsncaconrossnses ',£6.3)

etacf=1-(div+tp+bl+kin+sub+eros)/100.0
write(#*,160)etact

format (1x, 'THRUST COEFFICIENT EFFICIENCY....cc00es00. ',£6.3)

return
end
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APPENDIX

subroutine input2(pfac,aport,web,rrs,lgrain,tb,xx)
«+ 2222222222 R R 22 R X 2R X2 S 2 222 RS2 R 3

c. »
c THE PRIMARY PURPOSE OF THIS SUBROUTINE IS TO ES- *
c TABLISH THE DATA FILE FOR THE CSD "GRAINS" PROGRAM *
(o] *

CRERBRRNARBN AN RN ARR AR AR R AR R RN RARARARRNRAR AR R AR AN AR AR AR RN AR
character*80 tapeS5S
characterwl yes
real lgrain, lspoke,kspoke,RR5
integer nmax,nspoke,ibb, iprnt
write(*,*)'The following will be the data input for !
write(#*,*) 'spoked star grain designs with radial sides !
open(4,file=tgrainin.dat',status='unknown’)
write(*,*) 'Run DESIGN-1 mode or BURNBACK=-Q? Type 1 or 0... '
read(*,*)i )
if(i.eq.1l)then
11 write(*,40)web
14 r=web/th
pfac=xx/r
write(#*,13)r
13 format (1x, 'Required burning rate, IN/SEC..ccieecsscocsass ',£12.3)
write(*,50)pfac
write(*,*) 'Do you want to change the web?...¥/Niceeecroass '
read(*,5)yes
if(yes.eq.'Y'.or.yes.eq.'y')then
write(*,#)'Input the required web, IN..:ceteveocccennes !
read(*, *)web
go to 14
endif :
write(*,*) 'Max number of spokes?.(I3).ececsccrcsvsccscossas !
read(*,*)nmax
write(#*,*)'Initial number of spokeS?.(I3)ccccssccssssvenas '
read (*, *)nspoke
ibb=1
iprnt=0
write(4,10)nmax, nspoke, ibb, iprnt
write(*,30)aport
30 format (1x, 'Required port area, SQ IN....cesececsscnsnasss ', £12
*.3)
write(*,40)web
40 format(lx,'Initial ‘web thickness in IN.....c.vevevranesses ',£12
*.3)
write(*,50)nfac :
50 format (1x, 'Required perimeter factor P L 2 §)
*,.3)
write(#*,*) 'Input Kspoke = Abstract multiplier on !
write(*, %) 'PHI2 ~ if KSPOKE=0.0 PHI2=0.0 where:'

.

)5"\'1{"'1

w1

write(*,*) ' PHI2=ATAN (KSPOKE*WEE/RR3/COS (PHI3)) (0.0-1.0) ... ' -

read (*,*) kspoke -
write(*,60)rrs >

60 format(1lx,'Grain outer radius,INCHES...ceevesesssasscscesss', £12 -
*.3) "

write(4,20)aport,web,pfac, kspoke,rr5

write(*,%)'Input initial grain inner radius, INCHES (F7.3) '
read(*,*)ril

write(»,*)'Input initial value of SRl - spoke'
write(#*,*)'top corner radius in IN (Default=0.25)..c0000s. !
read(*,*)sril

write(#»,#)'Input initial value of SR2 -~ spoke'
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APPENDIX

writa(#*,*) 'base coner radius in IN (Default=0.25)..scsceee
read(*,+)sri2

write(4,20)ril,sril,sri2

write(*,*) 'Input increment on SRl in IN - cannot be 0.0...
read(*, *)dell

write(w,*)'Input increment on RRl in IN - negative value..
read(*,*)del2

write(* *) 'Input increment on NSPOKE Default = 1.0....¢24
read(*,*)del3

write(*,*) '*Input increment on SR2 in IN - cannot be 0.0...
read(*, *)deld

write(4,20)dell,del2,dell,del4d

write(=*,*) 'Input tolerance on grain angle sum total - t'
write(*,#)'0f 360.(0.0=1.0)ccccessccoscassascsnsesssbdossans
read(*,*)cirtol )
write(*,*) 'Input tolerance on port arsa - % of Aport '
write(*,*) " (0.0=1.0)cecsnsnccsssovossnsnacnssnocssscscacs '
read’+* #*)pttol

write(*,*) 'Input tolerance on perimeter - % of perimeter..
write(#, %) ' (0.0=1.0)csecccoscsnsscsvannsssassssasccsassoas
read(*, *)pertol

write(4,20)cirtol,pttol,pertol

write(®,#*) 'Input Max of SRl in IN ,(Fl0.5).cccvccccrcrrens
read(*,*)finl

write(*,*)'Input Min of RR1 in IN .(Fl0.5)cecscccscscccsces
read(*,*)£fin2

write(*,*)'Input Max of SR2 in IN .(Fl0.5)cceccsccscsnsons
read(*,*)fin4

write(*,*)'Input Max of web in IN .(Fl0.5)cccecevrecsoccsas
read(*, *) finweb

write(#*,#) 'Input increment for web in IN.(Fl0.5)cccveececs
read(*, *)webstp

write(4,20)£finl, £fin2,£fin4,finweb,webstp

else

nmax=0
write(*,*) 'Number of spokes?...(I3).......................
read(*, *) nspoke
ibb==1
write(*,*)'Do you want optional output? y~yes, n-no.......
read(*,5)yes
if(yes.eq.'¥'.or. ves. eq.'y')then

iprnt=-1
else B

iprnt=0
endif
write(4,10)nmax,nspoke, ibb, iprnt
write(*,70)
format (1x, 'Input initial port area, SQ IN..(Fl0.5)cuenvscns
read(*, *)aport -
write(*,80)
format (1x, 'Input initial web thickness, IN.(Fl0.5)..ceususes
read(*, *)web
write(*,90)
format (1x, 'Input the perimeter factor..{Fl0.5).e.ecesscccss
read(*,*)pfac
kspoke=0,0
write(*,60)rrs
write(4,20)aport,web,pfac,kspoke,rrs

'

7 L CSACR R AR AL B Sl A U B i

write(#,#)'Input initial RRl, INCHES.(F10.5).cesectcoccsocncs

read(*,*)ril
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write(*,*) 'Input initial value of SRl (Default=0.25 IN.)....

read(*,*)sril

writae(*,*)'Input initial value of SR2 (Default=0.25 IN.)}.....

read(*,*)sri2

APPENDIX

write(4,20)ril,sril,sri2

dell=0.,0
del2=0.0
del3=0.0
del4=0.0

write(4,20)dell,del2,del3,deld

cirtol=0.0
pttol=0.0
pertol=0,0

write(4,20)cirtol,pttol,pertol

£finl=0.0
£fin2=0.0
fin4=0.0
finweb=0.0
webstp=0.0

write(4,20)£finl, fin2,£fin4, finweb,webstp

write(*,*) 'Input grain length, INCHES (Fl0.5)ccecccosccss

read(*,*)lgrain

write(*,*) 'Input initial PHI2,

read(*,*)dphi2

write(*,*)'Input initial PHI4,

read (*,*)dphi4

write(4,20)1lgrain,dphi2,dphisg

write(»,*)'Input # of
write(*,*) 'Input # of

read(*, *)stepl

write(*,*)'Input # of

read(*,6 *)step2

write(*,#) 'Input § of

read (%, *)stpep3

write(*,+)'Input # of
write(*,*)'triangular

read(*,*)stepd

write(¥,*)'Input & of

read(*,*)stepS

steps in
burnback

burnback
burnback

burnback

DEGREES (F10.5)cceuecacscss

DEGREES (F10.5)sceevccccces

decimal format!

steps
steps
steps

steps

for SR1>0.cecvavoccacs-

for PHI2>0 & SR1=0....
for LSPOKE=0 & PHI2>O0.

for !

spoke burnbacK....ceceveescccacscscns

burnback steps for ! :
write(#,*) 'remaining fuel burNOUt.. .. ceseeseasssrsssraconcs

write(4,20)stepl,step2,step3,stepd,steps

" endif

format(al)

format(44i3)

format (5£10.5)
close(4,status="'keep')
return

end
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